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DEVICES, SYSTEMS, AND METHODS FOR
CONTROLLING ACTIVE DRIVE SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. provisional patent
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Drive Devices”, filed on Apr. 21, 2014; U.S. provisional
patent application Ser. No. 61/984,354, titled “Slip Detec-
tion by Diflerential Pad Strain”, filed Apr. 25, 2014; U.S.
provisional patent application Ser. No. 62/016,334, titled
“Multi-Durometer Pad System”, filed on Jun. 24, 2014; U.S.
provisional patent application Ser. No. 62/031,9235, titled
“Slip Detection by Passive Pad Movement”, filed Aug. 1,
2014; U.S. provisional patent application Ser. No. 62/042,
451, titled “Control Mechanisms for Active Drive with a
Slip Detection Capability™, filed Aug. 277, 2014, all of which
are herein mcorporated by reference in their entirety.

This application 1s related to U.S. provisional patent
application Ser. No. 61/922,984, titled “Catheter Assembly
for Slip and Buckling Detection”, filed Jan. 2, 2014; U.S.
provisional patent application Ser. No. 61/925,746, titled “A
method to use electrical current profiles to synchronize and
align motors”, filed on Jan. 10, 2014, all of which are herein
incorporated by reference in their entirety.

This application 1s related to U.S. patent application Ser.
No. 13/838,777, titled “Active Drive Mechanism with Finite
Range of Motion”, filed on Mar. 15, 2013; U.S. patent
application Ser. No. 13/835,136, fitled “Active Drive
Mechanism for Simultaneous Rotation and Translation”,
filed Mar. 13, 2013; U.S. patent application Ser. No. 13/803,
535, titled “Active Drives for Robotic Catheter Manipula-
tors”, filed Mar. 14, 2013, all of which are herein 1ncorpo-
rated by reference 1n their entirety.

INCORPORAITION BY REFERENCE

All publications and patent applications mentioned 1n this
specification are herein incorporated by reference in their
entirety, as 11 each individual publication or patent applica-
tion was specifically and individually indicated to be incor-
porated by reference in its entirety.

TECHNICAL FIELD

This mvention relates generally to the robotic medical
devices field, and more specifically to new and usetul
devices, systems, and methods for controlling active drive
systems.

BACKGROUND

For medical procedures, minimally invasive procedures
are preferred over conventional techniques wherein the
patient’s body cavity 1s open to permit the surgeon’s hands
access to internal organs. Thus, there 1s a need for a highly
controllable yet minimally sized system to facilitate imag-
ing, diagnosis, and treatment of tissues which may lie deep
within a patient, and which may be accessed via naturally-
occurring pathways, such as blood vessels, other lumens, via
surgically-created wounds of minimized size, or combina-
tions thereof.

Currently known minimally 1mvasive procedures for the
treatment of cardiac, vascular, and other disease conditions
use manually or robotically actuated instruments, which
may be inserted transcutaneously mto body spaces such as
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2

the thorax or peritoneum, transcutaneously or percutane-
ously into lumens such as the blood vessels, through natural
orifices and/or lumens such as the mouth and/or upper
gastrointestinal tract, etc. Manually and robotically-navi-
gated interventional systems and devices, such as steerable
catheters, are well suited for performing a variety of mini-
mally invasive procedures. Manually-navigated catheters
generally have one or more handles extending from their
proximal end with which the operator may steer the perti-
nent instrument. Robotically-navigated catheters may have a
proximal interface configured to interface with a catheter
driver comprising, for example, one or more motors con-
figured to induce navigation of the catheter in response to
computer-based automation commands mput by the opera-
tor at a master mput device in the form of a work station.

In the field of electrophysiology, robotic catheter naviga-
tion systems, such as the Sensei® Robotic Catheter System
(manufactured by Hansen Medical, Inc.), have helped cli-
nicians gain more catheter control that accurately translates
the clinician’s hand motions at the workstation to the
catheter 1nside the patient’s heart, reduce overall procedures
(which can last up to four hours), and reduce radiation
exposure due to tluoroscopic imaging necessary to observe
the catheter relative to the patient anatomy, and 1n the case
of electrophysiology, within the relevant chamber 1n the
heart. The Sensei® Robotic Catheter System employs a
steerable outer catheter and a steerable inner electrophysi-
ology (EP) catheter, which can be manually introduced into
the patient’s heart 1n a conventional manner. The outer and
inner catheters are arranged 1n an “over the wire” telescop-
ing arrangement that work together to advance through the
tortuous anatomy of the patient. The outer catheter, often
referred to as a guiding sheath, provides a steerable pathway

for the mner catheter. Proximal adapters on the outer guide
sheath and 1nner EP catheter can then be connected to the
catheter driver, after which the distal ends of the outer sheath
and 1mnner EP catheter can be robotically manipulated in the
heart chamber within six degrees of freedom (axial, roll, and
pitch for each) via operation of the Sensei® Robotic Cath-
cter System.

While the Sensei® Robotic Catheter System 1s quite
useful in performing robotic manipulations at the opera-
tional site of the patient, it 1s desirable to employ robotic
catheter systems capable of allowing a physician to access
various target sites within the human vascular system. In
contrast to the Sensei® Robotic Catheter System, which
may be used in conjunction with sheaths and catheters that
are both axially and laterally rigid, robotic catheter systems
designed to facilitate access to the desired target sites in the
human vascular system require simultaneous articulation of
the distal tip with continued insertion or retraction of an
outer guide sheath and an 1nner catheter. As such, the outer
guide sheath and inner catheter should be laterally flexible,
but axially rigid to resist the high axial loads being applied
to articulate the outer guide sheath or inner catheter, 1n order
to track through the tortuous anatomy of the patient. In this
scenar10o, the inner catheter, sometimes called the leader
catheter extends beyond the outer sheath and 1s used to
control and bend a guidewire that runs all the way through
the leader catheter in an over-the-wire configuration. The
inner catheter also works 1n conjunction with the outer guide
sheath and guidewire 1n a telescoping motion to inchworm
the catheter system through the tortuous anatomy. Once the
guidewire has been positioned beyond the target anatomaical
location, the leader catheter 1s usually removed so that a
therapeutic device can be passed through the steerable
sheath and manually operated.
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As shown i FIG. 1, robotic catheter systems typically
employ a robotic imstrument driver 1 to provide robotic
insertion and refraction actuation, as well as robotic steering
actuation, to a telescoping assembly of elongate flexible
instruments. The instrument driver 1 comprises a housing 2
that contains motors (not shown) for providing the robotic
actuators to the telescoping assembly, which may include an
outer steerable guide sheath 3, an inner steerable leader
catheter 4 disposed within the sheath catheter, and a con-
ventional guidewire 5 disposed within the leader catheter 4.

The robotic nstrument driver 1 may robotically insert/
retract the leader catheter 4 relative to the sheath catheter 3.
To this end, the proximal ends of the guide sheath 3 and
leader catheter 4 are mechanically interfaced to the instru-
ment driver 1 1n such a manner that they may be axially
translated relative to each other via operation of the motors,
thereby eflecting insertion or retraction movements of the
respective guide sheath 3 and leader catheter 4. In the
illustrated embodiment, the guide sheath 3 and leader cath-
cter 4 respectively include proximal steering adapters 6, 7
(“splayers™) mounted to associated mounting plates 8, 9 on
a top portion of the mstrument driver 1. In the 1illustrated
embodiment, each of the proximal adapters 6, 7 can be
actuated via motors (not shown) within the housing 2 of the
istrument driver 1 to deflect or articulate the distal ends of
the respective guide sheath 3 and leader catheter 4 in any
direction.

Unlike the steerable guide sheath 3 and leader catheter 4,

the distal ends of which can be robotically articulated via the
istrument driver 1, the guidewire 5 1s conventional, and
thus, 1ts distal end 1s not capable of being robotically
articulated. Instead, as with most conventional guidewires,
the guidewire S may be mamipulated by inserting, retracting,
or rolling or by simultaneously rolling while axially dis-
placing the guidewire. In a non-robotic environment, such
manipulations can be accomplished by pinching the proxi-
mal end of the guidewire between the forefinger and thumb
of the physician and moving the forefinger relative to the
thumb while axially displacing the guidewire.
In order to navigate the guide sheath 3 and leader catheter
4 through the tortuous anatomy of a patient, 1t 1s desirable
that these components be laterally flexible. However, the
flexibility of the leader catheter 4 may create 1ssues when
performing the robotic msertion actuation. In particular, due
to the flexibility of the leader catheter 4 and the relatively
long distance between the mounting plate 9 and the point at
which the leader catheter 4 1s contamned within the guide
sheath 3, the leader catheter 4 may buckle, thereby prevent-
ing it, or at least hindering 1t, from axially translating within
the guide sheath 3. Although “passive” anti-buckling
devices may be used to add lateral support to the leader
catheter 4, thereby preventing the leader catheter 4 from
buckling, these anti-buckling devices have length limitations
and may be too cumbersome and time-consuming for medi-
cal personnel to install.

Furthermore, emulating a manual guidewire manipulation
in a robotic catheter system 1s not a straightforward proce-
dure. For example, although the instrument driver 1 1llus-
trated 1n FIG. 1 can be designed to robotically 1nsert/retract
the guidewire 5 relative to the leader catheter 4 in the same
manner 1n which the istrument 1 robotically inserts/retracts
the leader catheter 4 relative to the guide sheath 3, such an
arrangement may be impractical. In particular, the imncorpo-
ration of an additional carriage within the housing 2 will
disadvantageously increase the length of the instrument
driver 1, which must accommodate the telescoping assembly
when assuming a maximum retraction between the leader

10

15

20

25

30

35

40

45

50

55

60

65

4

catheter 4 and guide sheath 3 and between the guidewire 5
and leader catheter 4. The increased size of the instrument
driver 1 may be impractical and too big and heavy to be
mounted on a table 1n a catheter lab environment. Thus, 1t 1S
preferable that any drive device that inserts/retracts the
guidewire 5 relative to the leader catheter 4 be immobile
relative to the proximal end of the leader catheter 4, e.g., by
locating 1t on the same mounting plate 9 that 1s associated
with the leader catheter 4. This drive device must also be
capable of rolling the guidewire 5.

Furthermore, the use of an additional carriage for the
guidewire 3 would also require the installation of an addi-
tional “passive” anti-buckling device. Because medical per-
sonnel often exchange out guidewires that are as long as 300
cm 1n length, the use of a “passive’ anti-buckling device not
only may be tedious for medical personnel to install, the
extended length of the anti-buckling device due to the length
of the guidewire may render the anti-buckling device func-
tionally impractical.

Additional complexities 1n emulating a manual guidewire
mampulation 1 a robotic catheter system are slipping/
buckling of the guidewire during manipulation and control-
ling or varying guidewire 1nsertion/retraction speeds
depending on the procedure or task. Guidewires may also
exist 1n varying conditions, for example a guidewire may be
wet with saline, or contaminated with blood or other bodily
fluids. Many guidewires have hydrophilic coatings whose
properties change with how dry or wet 1t 1s. In manual
procedures, the doctor may adjust the grip on the wire to
shorten 1t for higher force insertions to reduce risk of
buckling. Alternatively, the doctor can lengthen the insertion
strokes 1n times of low 1nsertion force where increased speed
1s desirable. The doctor may also use a wet cloth or dry cloth
to wet or dry the wire, respectively, to alter the coetlicient of
friction on the wire to help with insertion or retraction

There, thus, remains a need to provide an improved
instrument driver for a robotic catheter system that prevents

a guidewire from buckling and improves the control of
guidewire manipulation.

SUMMARY

One exemplary embodiment of controlling an active drive
system includes a drive assembly having a first surface and
a second surface for engaging an elongate member. The first
and second surfaces may be attached to a drive mechanism
to move the elongate member. The first surface may be
slidable relative to the drive mechanism and may have a
clearance between the drive mechanism and an end of the
first surface during movement of the elongate member 1n a
non-slip condition. A sensor may be associated with the first
surface and may be configured to detect movement of the
first surtface 1 a slip condition.

In another exemplary embodiment, a drive system for an
clongate member includes an active drive device and a
computing device. The active drive device may include a
first surface and a second surface arranged on an active drive
mechanism for engaging the elongate member. The first
surface may be axially slidable relative to the drive mecha-
nism. A {irst sensor may be associated with the first surface,
and a second sensor may be associated with the second
surface, the sensors being configured to measure a force. The
computing device may be in communication with the force
sensors. The computing device may be configured to com-
pare the first sensor measured force with the second sensor
measured force to detect a slip occurrence 1n one direction
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when the second sensor measured force 1s not within a
predetermined tolerance of the first sensor measured force.

In a further exemplary embodiment, a slip detection
system on a drive system includes a first surface, a second
surface, and a computing device. The first surface may be
configured to drive an elongate member 1n an axial direction,
and may include a first sensor configured to detect a force.
The second surface may be axially movable relative to the
drive system, and may have a second sensor configured to
detect a force. The computing device may be configured to
assoclate a threshold force with the second sensor, monitor
the measured force on the second sensor, and compare the
measured force of the second sensor with the threshold force
to detect an 1nitial slip occurrence between the active surface
and the elongate member 1n response to exceeding a prede-
termined tolerance of the threshold force.

Additional embodiments and features are set forth 1n part
in the description that follows, and will become apparent to
those skilled in the art upon examination of the specification
or may be learned by the practice of the disclosed subject
matter. A further understanding of the nature and advantages
of the present disclosure may be realized by reference to the
remaining portions of the specification and the drawings,
which forms a part of this disclosure. One of skill 1n the art
will understand that each of the various aspects and features
of the disclosure may advantageously be used separately 1n
some 1nstances, or in combination with other aspects and
teatures of the disclosure 1n other instances.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a robotic catheter system 1n accordance
with a preferred embodiment;

FIGS. 2A-6 illustrate perspective views of an active drive
apparatus in accordance with a preferred embodiment;

FIGS. 7-10 1llustrate perspective and elevation views of
an active drive apparatus in accordance with an alternative
preferred embodiment;

FIGS. 11-16 1llustrate perspective, plan, and cross sec-
tional views of an active drive apparatus 1n accordance with
an alternative preferred embodiment;

FIGS. 17-21 1illustrate perspective and cross sectional
views ol an active drive apparatus in accordance with an
alternative preferred embodiment;

FIGS. 22 and 23 illustrate pad surfaces of a dynamic
gripper of an active drive apparatus in accordance with a
preferred embodiment;

FIGS. 24 and 23 illustrate pad surfaces of a dynamic
gripper ol an active drive apparatus in accordance with an
alternative preferred embodiment;

FIGS. 26 and 27 illustrate pad surfaces of a dynamic
gripper of an active drive apparatus in accordance with an
alternative preterred embodiment;

FIGS. 28 and 29 illustrate pad surfaces of a dynamic
gripper ol an active drive apparatus in accordance with an
alternative preterred embodiment;

FIGS. 30 and 31 illustrate top plan views of a debris
cleaning/drying mechanism in accordance with a preferred
embodiment;

FIG. 32 illustrates a top plan view of a debris cleaning/
drying mechamism in accordance with an alternative pre-
ferred embodiment:

FIGS. 33 and 34 illustrate top plan views of a debris
cleaning/drying mechanism in accordance with an alterna-
tive preferred embodiment;
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FIGS. 35 and 36 illustrate top plan views of a debris
cleaning/drying mechanism in accordance with an alterna-
tive preferred embodiment;

FIGS. 37 and 38 1llustrate perspective and cross sectional
views, respectively, of a debris cleaning/drying mechanism
in accordance with an alternative preferred embodiment;

FIG. 39 illustrates a top plan view of a debris cleaning/
drying mechanism 1n accordance with an alternative pre-
ferred embodiment:

FIG. 40 1llustrates a top plan view of a debris cleaning/
drying mechanism in accordance with an alternative pre-
ferred embodiment;

FIGS. 41 and 42 illustrate distinctive characteristics of the
current profile of an insert motor and a grip motor, respec-
tively, 1n accordance with a preferred embodiment;

FIGS. 43A and 43B 1illustrate the respective positions of
an 1nsert motor and a gripper motor during one revolution or
one full cycle/repetition 1n accordance with a preferred
embodiment;

FIG. 44 illustrates a process for aligning and synchroniz-
ing objects, such as motors, based on electrical current
profiles and in accordance with a preferred embodiment;

FIGS. 45 and 46 1illustrate longer and shorter stroke
lengths during periods of lower and higher insertion forces,
respectively, in accordance with a preferred embodiment;

FIGS. 47 and 48 illustrate the use of optical sensors to
confirm 1f an elongate member 1s 1n a baseline condition or
in a buckling condition in accordance with a preferred
embodiment;

FIG. 49 illustrates the use of a real-time 1maging device
to detect and prevent buckling of an elongate member in
accordance with a preferred embodiment;

FIGS. 50A and 50B illustrate a slip detection system 1n
accordance with a preferred embodiment;

FIG. 51 1llustrates a process for slip and buckling detec-
tion and correction 1n accordance with a preferred embodi-
ment,

FIGS. 52 and 53 1llustrate cross sectional and perspective
views, respectively, of a slip detection system 1n accordance
with an alternative preferred embodiment;

FIGS. 54 and 55 illustrate a slip detection system in
accordance with an alternative preferred embodiment;

FIGS. 56 A and 568 1illustrate distinctive characteristics of
the current profile of sensors during conditions without slip
and with slip 1n accordance with a preferred embodiment;

FIGS. 57 and 58 illustrate a slip detection system 1n
accordance with an alternative preferred embodiment;

FIG. 59 illustrates a process for detecting slip 1n accor-
dance with a preferred embodiment;

FIGS. 60-62 1llustrate a slip detection system 1n accor-
dance with an alternative preferred embodiment; and

FIG. 63 illustrates a perspective view of a slip detection

system 1n accordance with an alternative preferred embodi-
ment.

DETAILED DESCRIPTION

The following description of the preferred embodiments
of the invention 1s not intended to limit the disclosure to
these preferred embodiments, but rather to enable any per-
son skilled 1n the art to make and use the various embodi-
ments described heremn. Disclosed herein are devices, sys-
tems, and methods for implementing and controlling active
drive systems, as well as managing and preventing slip of
the guide wire.
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Described herein are devices, systems and methods for
controlling active drive systems and predicting and/or man-
aging slip 1 active drive systems. In general, active drive
systems for gripping and manipulating elongate members
may 1include pad systems or roller systems. The pads or
roller may have various diameters, widths, materials, or any
other physical parameters. The eclongate member may
include a guidewire, a sheath, a leader, a catheter, an
endoscope, or any type of flexible elongate medical instru-
ment or tool. The terms guide wire and elongate member are
used interchangeably herein and are meant to cover the
various types ol wires, sheaths, leaders, catheters, endo-
scopes or the like.

Active Drive Systems

Described below are four embodiments of active drive
systems. In some embodiments, an active drive system may
simultaneously insert/retract and roll an elongate member.
Alternatively, an active drive system may insert/retract an
clongate member independently of rolling the elongate
member. An active drive system may include two or more
rollers and/or two or more gripping pads for inserting,
retracting, and rolling an elongate member.

In some embodiments, an active drive system may be
mounted to an instrument driver 1, as shown in FIG. 1.
Alternatively, an active drive system may be mounted to a
separate arm, revolute joint, housing, or apparatus for
manipulation and/or maneuverability of the active drive
system.

Active Drive Systems with Rollers

FIGS. 2A-6 illustrate a first embodiment of an active drive
apparatus, as described in pending U.S. patent application
Ser. No. 13/835,136, filed Mar. 13, 2013, which 1s herein
incorporated by reference 1n its entirety. The drive apparatus
100 may function to provide continuous insertion/retraction
and rotation to an elongate member. In some embodiments,
the active drive apparatus may include a roller assembly and
a roller support. In some embodiments, the roller assembly
includes a first continuous surface, a second continuous
surface, an open configuration for receirving an elongate
member, and a closed configuration for securing the elon-
gate member 1n the roller assembly. The roller assembly 1s
configured to impart axial motion to the elongate member
along the first continuous surface. In some embodiments, the
first continuous surface maintains contact with the elongate
member during the axial motion. In some embodiments, the
roller support 1s configured to rotate the roller assembly
about the second continuous surface, thereby imparting
rotational motion to the clongate member. The second
continuous surface maintains contact with the roller support
during the rotational motion. As will be described 1n further
detail below, the roller assembly imparts the axial motion
and the roller support imparts the rotational motion 1nde-
pendently of one another, such that a first one of the roller
assembly and the roller support imparts its associated
motion regardless ol a degree of motion imparted by the
other of the roller assembly and the roller support.

In some embodiments, as shown 1n FIGS. 2A and 2B, the
drive apparatus 100 may further include a disposable mecha-
nism 102 for contacting and driving an elongate member,
such that the disposable mechanism includes the roller
assembly. An associated drive mechanism 104 may gener-
ally be configured to be kept separate from the disposable
mechanism 102, at least to an extent allowing the drive
mechanism 104 to be kept out of a sterile environment
associated with the elongate member and surgical proce-
dure. As shown 1 FIGS. 2A-3, the disposable mechanism
102 may be supported between the roller support comprising
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two 1dle rollers 106, 108, and a driving roller 110 which 1s
configured to rotate the disposable mechanism 102 about the
second continuous surface to impart rotational motion to the
clongate member.

As shown 1n FIG. 6, the roller assembly includes one or
more rollers 112 that are configured to impart axial motion
to the elongate member along a first continuous surface. For
example, as shown 1n FIG. 6, a first roller 112a and a second
roller 1126 each define generally cylindrical surfaces 114a,
1145 that are configured to maintain contact with the elon-
gate member during axial motion caused by rotation of the
rollers 112. The drive apparatus 100 may further include a
roller support configured to rotate the roller assembly to
impart rotational motion to the elongate member. For
example, as shown in FIGS. 4 and 5, the rollers 112 may
generally be supported within the clamps 116, 118 of the
disposable portion, for example via a saddle 120, as shown
in FI1G. 6, or by the clamps 116,118 themselves, such that the
rollers 112 may be rotated about an axis defined by the
clongate member. It should be noted that while one set of
rollers 112 1s shown, multiple sets of rollers could be
incorporated, for example in series, to provide additional
traction on the elongate member for axial and rotational
movement thereol. The clamps 116, 118 may be configured
to receive an elongate member mmto gap G in the open
configuration, as shown in FIG. 4, and to clamp or secure the
clongate member in the closed configuration, as shown 1n
FIG. 5.

Referring now to FIG. 6, the disposable mechanism 102
1s 1llustrated with the left and night clamps 116, 118
removed. The disposable drive mechanism 102 includes a
roller assembly including one or more rollers 112a, 1125 for
imparting axial motion to the elongate member. As shown 1n
FIG. 6, two rollers 112a, 1125 may be configured to receive
an elongate member therebetween. More specifically, the
rollers 112 may each rotate about corresponding spindles
122a, 1225. Moreover, as will be described further below,
the rollers 1124, 11256 may each have a plurality of geared
teeth 124a, 1245 which are meshingly engaged such that the
rotation of the rollers 112a, 1125 1s generally coordinated.
The rollers 112a, 11256 may each be generally round, thereby
defining respective continuous surfaces 114a, 1145 about the
generally cylindrical rollers 112 for engaging the elongate
member. More specifically, an axial movement of any dis-
tance may be applied by the rollers 112a, 1125, since the
rollers 112a, 1126 may continuously turn about the spindles
122 without limitation. Accordingly, axial motion of the
clongate member 1s not limited by any range of motion of
any component of the drive apparatus 100, allowing the
drive apparatus 100 to provide an axial movement 1n either
direction of any magnitude while maintaining constant con-
tact with the elongate member by way of the generally
looped or continuous surfaces 114a, 1145 of the rollers 112a,
1125.

The roller assembly may be supported in a roller support
configured to rotate the rollers about an axis perpendicular
to the spindles 122 of the rollers 112. For example, the
spindle 1224 of the roller 112a may be supported 1n a saddle
120 that 1s engaged with an interior surface of one of the
clamps 116, 118 (not shown 1n FIG. 6) by way of a plurality
of springs 126. Radially inward movement of the saddle 120
away from the interior surface may be limited by stop pins
128, which may engage an interior side of the saddle 120 to
generally limit radially inward movement of the saddle 120
and the roller 112a, thereby limiting force applied by the
roller 112a to the elongate member when the elongate
member 1s positioned between the rollers 112a, 1125. The
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spindle 1225 of the other roller 1125 may be supported in the
corresponding one of the clamps 116, 118 (not shown 1n
FIG. 6). Accordingly, the spindle 1226 may be generally
fixed within the clamps 116, 118 while the spindle 122a may
be movable by way of the springs 126 to provide a clamping
force upon the elongate member.

The disposable device 102 may further comprise gear
halves 128a, 1285 which define an inner toothed surface 130
engaging a drive pinion 132, as shown in FIGS. 4 and 5. The
drive pinion 132 may be engaged with a worm gear 134 by
way of worm 136, wherein the worm 136 1s fixed for rotation
with the drive pinion 132. A location shaft 138 may be
provided to assist with locating the above components
within the clamps 116, 118, as will be described further
below. Additionally, a compliant element 140 may be pro-
vided which generally provides a spring force urging the
clamps 116, 118 toward an open position, as shown in FIG.
4.

Active Drive Systems with Pads/Grippers

FIGS. 7-10 1llustrate a second alternative embodiment of
an active drive mechanism, for example an active catheter
teeder 200, as described 1n pending U.S. patent application
Ser. No. 13/803,535, filed Mar. 14, 2013, which 1s herein
incorporated by reference 1n 1ts entirety. The catheter feeder
200 15 designed to mimic the manual finger feed method that
physicians may use to advance/retract the leader catheter
within the guide sheath, and in particular, the grip, push,
release, retracting, and repeating movements performed by
the fingers of the physician to incrementally advance the
leader catheter, and the grip, pull, release, advancing, and
repeating movements performed by the fingers of the phy-
sician to icrementally retract the leader catheter.

As shown 1n FIGS. 7-8, the catheter feeder 200 generally
comprises a feeder assembly 202 configured for advancing/
retracting the leader catheter within the guide sheath, a grip
adjustment assembly 204 configured for adjusting the grip of
the feeder assembly 202, a loading/unloading assembly 206
configured tier allowing the leader catheter to be top-loaded
and unloaded from the active catheter feeder 200, a base
plate 208 on which the feeder assembly 202 and, grip
adjustment assembly 204 are mounted, a housing 210
mounted to the base plate 208 over the feeder assembly 202
and grip adjustment assembly 204, and a drape 212 config-
ured for 1solating the disposable components of the catheter
teeder 200 from the sterile field. The feeder assembly 202
generally comprises a grip assembly arrangement 214 con-
figured for performing advancing/retracting movements of
the leader catheter, and a driver assembly 216 configured for
actuating the grip assembly arrangement 214 to perform
these movements.

Referring further to FIG. 8, the grip assembly arrange-
ment 214 includes three grip assemblies 218a, 2185, 218¢
configured for being independently translated relative to the
base plate 208 parallel to a longitudinal axis 220 i1n a
reciprocal manner. To this end, the grip assemblies 218 are
slidably engaged with each other in a nested arrangement. In
order to guide independent translation of the grip assemblies
218 along the longitudinal axis 220, the grip assembly
arrangement 214 further includes a parallel pair of rails

mounted to the base plate 208 along the longitudinal axis
220.

As shown 1n FIGS. 9 and 10, the grip assembly 218 1s
configured for being alternately closed (FI1G. 9) to grip the
catheter body 224 between the respective gripping pads 226,
228 of the first and second grippers 230, 232, and opened
(FIG. 10) to release the catheter body 224 from between the
respective gripping pads 226, 228 of the first and second
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grippers 230, 232. For the purposes of this specification, a
orip assembly 1s closed at the point where the gripping pads
226, 228 are closest to each other, and 1s open at the point
where the gripping pads 226, 228 are furthest from each
other (after the second grippers 232 are adjusted to a fixed
position by the grip adjustment assembly 204 using grip
actuator 234). The grip assembly 218 1s designed in a
manner that the catheter body 224 1s only gripped when the
orip assembly 218 1s 1n the closed position, and the catheter
body 224 1s released when the grip assembly 218 1s 1n the
opened position or transitioning between the closed position
and the opened position. Furthermore, the grip adjustment
assembly 204, as shown 1n FIG. 8, can be operated to adjust
the strength that the grip assembly 218 grips the catheter
body 224 between the gripping pads 226, 228.

In the third and fourth alternative embodiments described
below, axial and rotational motion of the elongate member
may be governed by independent drive systems associated
with the drive apparatus. For example, a dynamic gripper
may have separate motors or mechanisms controlling axial
motion on the one hand and rotational motion on the other.
Accordingly, insertion and rotation of the elongate member
may be accomplished completely independently of the other.
More specifically, the elongate member may be inserted
axially while it 1s being rotated, or the elongate member may
be mserted without any rotation. Moreover, the elongate
member may be rotated without requiring any insertion
motion at the same time.

FIGS. 11-16 illustrate a third alternative embodiment of
an active drive device 300, as described 1 pending U.S.
patent application Ser. No. 13/838,777, filed Mar. 15, 2013,
herein incorporated by reference in 1ts enftirety. In the
illustrated example, the drive apparatus includes a static
gripper 302, and a dynamic gripper 304. In some embodi-
ments, the static gripper 302 may be generally fixed with
respect to a support surface 306. Each of the grippers 302,
304 may comprise a clamp 308, 310 having a pair of
opposing pads 312a, 3126 and 314a, 314b, respectively.
Accordingly, the grippers 302, 304 may each selectively
clamp an eclongate member, e.g., a guidewire or catheter,
between their respective opposing pads 312aq, 31256 and
314a, 314H. The dynamic gripper 304 may have a range of
motion to which it 1s confined. For example, the dynamic
gripper 304 may be capable of axial movement 1n a direction
A along a distance D. Additionally, the dynamic gripper 304
may be capable of limited rotational movement about an
axis parallel to the direction of axial movement, for example
to a range of plus or minus a predetermined angle with
respect to a normal or center position. The dynamic gripper
304 may move an elongate member across a predetermined
movement, for example an axial or rotational movement that
may be provided by a user that 1s greater than the axial or
rotational range of motion.

As shown 1n FIG. 11, the grippers may each be mounted
to the support structure 306, for example a top surface or
support structure associated with the instrument driver. The
dynamic gripper 304 1s configured to generally move axially
and rotationally with respect to the support structure 306 to
ellect a corresponding axial and rotational movement of the
clongate member. By contrast, the static gripper 302 is
generally not movable axially or rotationally with respect to
the support structure 306. The static gripper 302 selectively
closes and opens to grip and release the elongate member. In
some embodiments, the static gripper 302 cooperates with
the dynamic gripper 304 to effect axial movement (i.e., for
insertion) along a direction A as illustrated 1n FIG. 11, and
rotational movement R about the direction A of the elongate
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member. The grippers 302, 304 may generally work in
sequence such that at least one of the grippers 302, 304 1s
ogripping the elongate member at any given time. More
specifically, during any movement of the guidewire, for
example insertion, retraction, or rotational movement 1n
either direction, the dynamic grippers 304 are closed, and
static grippers 302 are open.

A range of axial motion associated with the dynamic
grippers 304 may be finite, and 1n particular be limited to a
predetermined axial distance D, as shown in FIG. 13.
Accordingly, upon reaching a limait to the range of motion,
for example at an axially furthest position in one direction,
the dynamic grippers 304 generally release the elongate
member, move back in an opposite direction, and re-grip the
clongate member for continued axial movement. While the

dynamic grippers 304 are not gripping the elongate member,
the static grippers 302 may hold the elongate member in
place to prevent movement or loss of position. Further, the
static and dynamic grippers 302, 304 may each be config-
ured to open to allow loading of an elongate member.

Turning now to FIGS. 15 and 16, rotational motion of the
dynamic grippers 304 1s described and shown in further
detail. A rotation drive motor 316, as best seen 1n FIG. 15,
may rotate a gear 318 engaging a carriage or swing platform
320 configured to rotate about an axis of rotation, for
example 1n a rotational motion R about the direction of
insertion A. The carnage 320 may be located by a pair of
rolling posts 322 supported by a base structure 324. The base
structure 324 may 1n turn be secured to the support structure
306. The carnage or swing platform 320 may be capable of
rolling from a nominal or center position to any degree that
1s convenient.

FIGS. 17-21 illustrate a fourth alternative embodiment of
an active drive apparatus 400, as described in pending U.S.
patent application Ser. No. 13/838,777, filed Mar. 15, 2013,
herein incorporated by reference in its entirety. The drive
apparatus 400 may generally include a dynamic gripper 404
and two static grippers 402a, 40256. The dynamic gripper 404
may comprise a pair of opposing pads 406, 408. Similarly,
the first static gripper 402a may comprise a pair ol opposing,
pads 410a, 412a, and the second static gripper 4026 may
also comprise a pair of opposing pads 4105,412b. Accord-
ingly, the grippers 404, 402a, and 40256 may each selectively
grip an elongate member between their respective opposing
pads 406/408, 410a/412a, and 410b6/412b. The pads 406/
408, 410a/412a, and 4105/4125 may each be relatively soft
with respect to the particular elongate member being
employed, 1n order to more securely grip the elongate
member and minimize potential damage to the elongate
member, for example by spreading grip load across an
increased surface area of the elongate member.

As shown 1 FIG. 17, the static grippers 492a, 4025 and
dynamic gripper 494 may each be mounted to a support
structure 414, for example a top surface or support structure
associated with the mstrument driver. The dynamic gripper
404 1s configured to generally move axially with respect to
the support structure 414 to eflect a corresponding axial
movement of the elongate member. The pads 406, 408 of the
dynamic gripper 404 are also configured to translate in a
vertical direction across a fixed range of motion to impart
rotational motion to the elongate member with respect to the
support structure 414. By contrast, the static grippers 402qa
and 4025 are generally not movable axially or rotationally
with respect to the support structure 414. The static grippers
402a and 4025 selectively close and open to grip and release
the elongate member.
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Generally, similar to the drive apparatus 300 described
above, the static grippers 402a and 40256 of the dnive
apparatus 400 each cooperate with the dynamic gripper 404
to effect axial movement (1.e., for insertion or retraction)
along a direction A, as illustrated 1n FIG. 17, and rotational
movement R about the direction A of the elongate member.
The static grippers 402q, 4020 may generally work 1n
sequence with the dynamic grippers 404 such that at least
one of the grippers 404, 402a, and 4026 1s gripping the
clongate member at any given time. More specifically,
during any movement ol the gwmdewire, e.g., insertion,
retraction, or rotational movement 1n either direction, the
dynamic grippers 404 are closed, and the static grippers
402a and 4025b are open. Moreover, the static grippers 402a,
4026 may generally work in concert, such that the static
grippers 402a, 4025 are either both open or closed.

A range of axial motion associated with the dynamic
grippers 404 may be finite, and 1n particular be limited to a
predetermined axial distance D, as seen in FIG. 17. In the
illustrated example having two static grippers 402a, 4025, a
range ol motion of the dynamic gripper 404 may be limited
by the static gripper 402a on one end and the other static
gripper 4026 on the other end. However, as noted above, 1n
other embodiments, only one static gripper 402 may be
present, and thus the axial motion of the dynamic gripper
404 may be limited by other factors. Nevertheless, the
dynamic gripper 404 may have some predetermined range of
axial motion. Accordingly, upon reaching a limit to the range
of motion at an axially furthest position 1n one direction, the
dynamic grippers 404 generally release the elongate mem-
ber, move back 1n an opposite direction, and re-grip the
clongate member for continued axial movement. While the
dynamic grippers 404 are not gripping the elongate member,
the static grippers 402a and/or 4025 may hold the elongate
member in place to prevent movement of the elongate
member or loss of position. This synchronization of the
movement of the dynamic and static grippers 1s described in
further detail below in the section “Synchronizing and
Aligning Active Drive Motors.”

Pads 406 and 408 may be designed to optimize the
oripping and rolling performance of the elongate member.
For example, in one embodiment, a high durometer material
that does not engulf the elongate member 1s used, which may
generally prevent pads 406 and 408 from contacting each
other. This ensures that the spring force closing the grippers
1s substantially entirely applied to the elongate member and
1s not transierred from one gripper to the other, ensuring
reliable grip on the elongate member. In another embodi-
ment, the contact surface of the pads 406 and 408 1s beveled
in a convex shape such that there 1s less chance that the pads
will contact each other due to any misalignment or non-
parallelism 1n the gripper mechanism. Different pad mate-
rials and configurations will be described 1n further detail
below 1n the section “Active Drive System Enhancements.”

During axial movement of the elongate member and also
during rotational movement, the dynamic pads 406 and 408
are generally closed, thereby trapping the elongate member
there between as a result of a grip imparted to the elongate
member. Additionally, during axial or rotational motion of
the elongate member, the pads 410a, 412a of the first static
gripper 402a and the pads 4105, 4126 of the second static
gripper 4025 remain open, thereby generally freely allowing
relative movement of the elongate member with respect to
the static grippers 402a, 4025. Upon reaching a limit of
rotational or axial motion, the pads 410a, 412a of the first
static gripper 402a and the pads 41056, 4126 of the second
static gripper 40256 may be closed. The pads 406 and 408 of




US 10,046,140 B2

13

the dynamic gripper 404 may then be opened, and moved
within 1ts range of motion (i.e., along distance D) to allow
regripping ol the elongate member, while the static grippers
402a, 4025 maintain the axial and rotational position of the
clongate member. The cycle may then be repeated to allow
turther axial and/or rotational movement of the elongate
member.

In some embodiments of active drive devices described
above, an elongate member may be wrapped at least par-
tially about a slip detection wheel 326, as shown 1n FIG. 11,
or 416, as shown i FIG. 17, that passively rotates 1n
response to a length of the guidewire being moved by the
dynamic grippers 304,404, respectively. The slip detection
wheel 326/416 may be mounted on a rotatable member
328/418. Moreover, as will be described further below, the
wheel 326/416 may include optical marks allowing for
tracking of the wheel 326/416 rotation, thereby allowing
measurement of movement and/or slippage of the elongate
member.

Active Drive Systems Enhancements

In some embodiments described above, the active drive
system may include pads coupled to grippers configured for
manipulating elongate members of various sizes, diameters,
or configurations. For example, as shown in FIGS. 22-23,
the pads of an active drive system 400 may include multi-
durometer pad sections 420, 422 configured to manmpulate
smaller and larger elongate members 424, respectively. The
multi-durometer pad sections may manipulate elongate
members 1ncluding a diameter between 0.250 inches and
0.010 inches or any subrange therebetween, For example, an
clongate member diameter may include 0.150 inches, 0.035
inches, 0.025 inches, 0.020 inches, 0.018 inches, 0.014
inches, less than 0.014 inches, or any diameter suitable to the
application. To accommodate for various sizes, the drive
apparatus may further be configured to receive a user mput
allowing selection of a size of the elongate member 424 or
may automatically detect a size of the elongate member 424
using one or more sensors, for example optical sensors.

As shown 1 FIGS. 22-23, pad 406/408 may include pad
section 420q (e.g., shown as an upper section) made of a
harder durometer material and pad section 4224 (e.g., shown
as a lower section) made of a softer durometer material.
Depending on the size of the elongate member 424 to be
manipulated, pad 406/408 may be oriented 1n a {irst con-
figuration, as shown 1n FI1G. 22, with a central portion of the
selected pad section 420aq aligned with an eyelet 426 of a
central portion of pad 410/412, for example providing a
harder durometer pad surface for smaller wires or catheters.
For another size elongate member 424, pad 406/408 may be
oriented 1n a second configuration, as shown in FIG. 23, with
a central portion of pad section 422a aligned with eyelet
426, for example providing a softer durometer pad surface
for larger wires or catheters. Thus, depending on the deter-
mined size of the elongate member 424, the drive apparatus
400 may align either pad section 420a or 422a with eyelet
426 for receipt of elongate member 424.

As shown 1n FIGS. 24-25, pad 406/408 may be patterned
with strips of interlocking and alternating pad sections 4205
and 422b, for example where pad sections 4226 are raised
(e.g., configured as teeth). In an engaged configuration as
shown 1 FIG. 24, pads 406/408 may create a mechanical
lock on elongate member 424 to increase grip during inser-
tion or retraction of elongate member 424. The strips may be
configured as teeth that are dimensioned and spaced such
that a smaller (e.g., 0.014 inch diameter) elongate member
424 contacts pad sections 4205 and 4225 (e.g., harder and
softer durometer sections) while a larger (e.g., 0.035 1nch
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diameter) elongate member 424 will primarily contact pad
sections 4225 (e.g., softer durometer). The strips may turther
be dimensioned and spaced to reduce kinking of elongate
member 424. Thus, this may allow for rolling of smaller
wires without encapsulation while maintaining grip for
isertion of larger elongate members 424.

As shown 1n FIGS. 26-27, a pad surface of the dynamic
gripper alternates between harder and softer (e.g., higher and
lower durometers) sections 420c, 422¢. For example, the
alternation of low and high durometers on the surface of and
between pads 406/408 may prevent pads 406/408 from
binding against each other, e.g., with lower durometer
materials on contacting pad sections 422¢. During isertion/
retraction, pad sections 422c¢ (e.g., softer durometer) will
slightly deform around elongate member 424 thereby
increasing grip. When rolling elongate member 424 on an
active drive design described 1n U.S. Nonprovisional patent
application Ser. No. 13/838,777, which 1s herein incorpo-
rated by reference, and described in paragraph 0040, the
pads translate with respect to each other. Therefore, section
420¢ (e.g., harder durometer) will have to exert enough
sheer force on elongate member 424 to break the friction
forces between the pad sections 422¢ (e.g., softer durometer)
and elongate member 424. However, after the friction forces
are met or exceeded, elongate member 424 may roll with
pad sections 422¢ 1n a deformed condition.

Referring to FIGS. 28-29, pad section 4204 (e.g., harder
durometer) may have one, two (shown), or more 1nsets 428,
which may be on opposite sides of a central portion of pad
section 420d. Inset 428a may have a smaller radius (e.g.,
0.01 inches for 0.014 and 0.018 inch diameter guide wires)
and 1nset 4286 may have a larger radius (e.g., 0.018 inches
for 0.035 inch diameter guide wires). Insets 428a, 4286 may
be near a central portion of pad section 4204, for example,
so elongate members 424 may pass through eyelets 426 of
pads 410/412 without repositioning pad sections 4204, 4224
to the first and second configurations, discussed above with
respect to FIGS. 22-23. Pad section 4224 (e.g., softer
durometer) may provide grip for msertion and retraction of
clongate member 424,

Alternative embodiments may have any number of other
or additional features. For example, pads 406/408 may be
made of a single durometer material including surface
features (e.g., patterns, treads, or grooves) to optimize grip
for elongate members 424 of all sizes. Further, pads 406/408
may 1nclude micro fibers or any other material with a high
coellicient of 1Iriction, an ability to wick liquids, or an
clasticity or lack of deformation under pressure. Moreover,
pads 406/408 may include concave or convex surfaces, for
example, to concentrate the forces to a desired line of
contact between elongate member 424 and pads 406/408.

In some embodiments, an active drive system may
include a guide wire or catheter drying or cleaning mecha-
nism. Many guidewires have a wettable low friction hydro-
philic coating. This coating absorbs moisture from the
environment and produces a hydrogel which gives a low
friction surface to the guidewire to help the physician
advance the guidewire through the anatomy with low force.
The guidewire drying mechanism absorbs the moisture from
the hydrogel thereby removing the lubricous surface and
increasing the friction. The gmde wire drying mechanism
thereby helps to reduce or eliminate guide wire slippage due
to blood, plasma, saline, water, thrombus, and/or other
materials and fluids. The drying or cleaning mechanism also
removes debris and other unwanted materials, to ensure a
better grip for the drive mechamism during roll, retraction,
and/or msertion of the guide wire into the patient. The drying
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mechanism may include a debris-cleaning member and a
holder for holding the debris-cleaning member against the
guide wire and optionally clamping the debris-cleaning
member against the guide wire.

In one embodiment, the debris-cleaning member includes
one or more absorbent pads, such as gauze, foam, cotton, or
the like, that act to absorb fluids and debris from the guide
wire. The absorbent pads are typically positioned distal of
(1.e. closer to the patient) the dynamic grippers or drive
mechanism, so that the guide wire 1s cleaned and/or dried
prior to reachuing the dnve/gripper components. For
example, the absorbent pads may be connected to a separate
component positioned between the drive component and the
exit of the gmide wire/catheter from the patient. In another
example, the absorbent pads are integrated with the drive
component, but positioned distal of the dynamic grippers.

In another embodiment, the debris-cleaning member may
include a wiper or wicking element that wicks fluid and
debris from the guide wire. The wiper can be used with or
without the absorbent pads. For example, the wiper may be
positioned 1n front of the absorbent pad to reduce the fluids
reaching the absorbent pad and extend the usetul life of the
pad. As another example, the wiper may be positioned prior
to the guide wire entering a drive component and may
optionally include a vacuum or suction mechanism posi-
tioned adjacent to the guide wire (e.g., above or below the
guide wire) that pulls the debris falling off the guide wire
due to the wipers.

In yet another embodiment, the debris cleaning mecha-
nism may include a suction or drying element. For example,
a suctioning or vacuum component may be positioned at a
location so as to reach the guide wire belfore it enters the
drive mechanism. The suctioning or vacuuming component
acts to pull debris (via a vacuum force) ofl of the wire. As
another example, a heating element can be used to evaporate
or dry the fluud so that the frictional coeflicient of the
gripping wire 1s icreased.

By using the debris cleaning or drying mechanisms
described herein, guide wires and catheters used for catheter
procedures and other therapies may be less prone to slip-
page, reducing risks and injuries that can result from slip-
page, especially with hydrophillically coated devices that
become very slippery when wet, which can increase the slip
risk as the guide wire may not be held securely by either the
static grippers or dynamic grippers when wet. Additionally,
the debris cleaning mechanisms disclosed herein are auto-
mated or otherwise do not require user intervention or
manipulation to operate. On the contrary, in conventional
products, the physician may manually dry or clean the guide
wire during refraction, which not only can complicate the
procedure and/or workflow, but also increases the procedure
time. Further, because of the drawbacks to manual cleaning,
by a physician or other worker, cleaning 1s typically only
done after slippage has already occurred, which means that
the guide wire has already lost position during a catheter
exchange, therapy delivery, or the like, 1.e., a potential injury
or error may have already occurred belore cleaning 1is
completed. As the drying mechanism does not require a
doctor or other user’s attention or activation, the drying
mechanism can be used during all stages of a procedure,
helping to prevent slippage before 1t occurs, reducing the
risks associated with slippage, and helping to reduce pro-
cedure time and complexity.

Turning back now to the figures, various examples of the
debris cleaning or drying mechanism will now be discussed
in more detail. FIG. 30 1s a top plan view of the debris
cleaning/drying mechanism 500 1n the open position. FIG.
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31 1s a top plan view of the debris cleaning mechanism 500
in the closed or clamped position. With reference to FIGS.
30 and 31, the debris cleaning mechanism 500 1n this
example includes two opposing cleaning clamps 502 posi-
tioned on opposite sides of a guide wire 504. The cleaning/
drying clamps 502 may be positioned adjacent to a drive
mechanism, such as the active drive mechanisms shown 1n
FIGS. 2A-21, other active drive mechanisms, and/or passive
drive mechanisms. Depending on whether cleaning 1s
desired during retraction or insertion, the cleaning clamps
502 may be positioned on either the distal or proximal side
of the drive mechanism relative to the insertion point within
the patient. That said, 1n many embodiments, the cleaning/
drying clamps 502 will be positioned between the 1nsertion
point within the patient and the drive mechanism to clean/
dry the guide wire 504 after 1t exits the patient during
retraction and prior to entering the drive mechanism.

With continued reference to FIGS. 30 and 31, the two
cleaning/drying clamps 502 may be substantially the same
as one another and each may include a pad holder 506 and
one or more absorbent pads 508. The pad holder 506 holds
the absorbent pads 508 and may optionally be configured to
selectively clamp and unclamp the absorbent pads 308
against the guide wire 504. For example, the pad holders 506
may be connected to an active drive mechanism or may
otherwise include a motorized power source that can move
the pad holder 506 from a first or open position to a second
or closed position. The pad holders 506 may also include
brackets or other securing elements for securing the absor-
bent pads 3508. Depending on the configuration of the
brackets or securing elements, the absorbent pads 508 may
be permanently attached to brackets or may be selectively
removable from the pad holders 506.

The absorbent pads 308 are substantially any type of
material that can absorb fluids and preferably 1s any type of
absorbent material that does not shed fibers. For example,
the absorbent pads 508 may be formed of gauze, microfiber,
cotton, polyester, foam, synthetic fabric, porous rubber, or
the like. The shape and configuration of the absorbent pads
508 may be varied as desired, which may depend on the type
of procedure being performed, the diameter of the guide
wire or catheter, the type of guide wire or catheter, the type
of valve on the catheter, the type of drive system, or the like.

In some embodiments, the absorbent pads 508 include a
barrier or drying surface. The barrier 1s a separate material
from the absorbent pads, such as a coating, film, or the like,
that acts to filter the fluids and debris absorbed into the
absorbent pads 508 and/or help prevent the absorbent pads
508 from sticking to the guide wire 504, while still allowing
fluids to pass therethrough to be absorbed by the pad. For
example, the drying surface may be a porous-polymer
coating, mesh, or the like.

Operation of the debris cleaning/drying mechanism 3500
of FIGS. 30 and 31 will now be discussed in more detail.
With reference to FIG. 30, the debris cleaning mechanism
500 1s 1n the open position and the cleaning clamps 502 are
spaced apart from the guide wire 504. In this position, the
guide wire 504 can easily pass between the cleaning clamps
502 as the absorbent pads 508 do not touch or are 1n light to
no contact with the guide wire 504. This allows the guide
wire 504 to be more easily repositioned by the drive mecha-
nism as the cleaning clamps 502 do not exert any friction on
the guide wire 504 1n this configuration. With reference to
FIG. 31, after the gmide wire 504 has been repositioned to a
desired location, the cleaning clamps 502 may be moved to
the closed position, so that the absorbent pads 508 are 1n full
contact with the guide wire 504. In this position, tluids from
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the guide wire 504 are absorbed 1nto the absorbent pad 508
and where the barrier 1s included, travel through pores into
the barrier and 1nto the pad 508. As fluids and other debris
are absorbed 1nto the pads 508, they are removed from the
guide wire 504, increasing the coetlicient of friction of the
guide wire 504 by cleaning/drying the guide wire 504 to help
prevent slippage when the guide wire 504 is received 1nto
the dnve mechanism.

In the embodiment shown in FIGS. 30 and 31, the
selective positioning of the cleaning clamps 502 relative to
the guide wire 504 1s used to reduce the potential of the
absorbent pads 508 from interfering with movement of the
guide wire 504 by the drive mechanism. However, depend-
ing on the type of material used for the absorbent pads 508
and/or barrier, the cleaning clamps 502 may be arranged to
be engaged with the guide wire 504 during repositioning of
the guide wire 504, 1.¢., 1n a permanently clamped position.
For example, the barrier may have a sufliciently low coet-
ficient friction such that the guide wire 504 can move along
the barrier surface unobstructed when moved by the drive
mechanism even when the absorbent pads 508 are clamped
together. In this orientation, the cleaning clamps 502 may
only be opened during the 1initial threading or insertion of the
guide wire 504.

In some 1nstances the absorbent pads 508 may be remov-
able and replaceable from the cleaning clamps 502. FIG. 32
illustrates another example of the debris cleaning mecha-
nism. With reference to FIG. 32, 1n this embodiment, the pad
holders may form brackets defining a pad cavity 610 or
recess and the absorbent pads 608 may be positioned 1n the
pad cavity 610 and constrained from movement by the edges
of the pad holders 606. In this example, the top and/or
bottom ends of the pad holders 606 may be open to allow the
absorbent pads 608 to be slid into and out of the pad cavity
610. The absorbent pads AA may be modified to match the
shape of the pad holders or alternatively the pad holders may
be modified to match the shape of the absorbent matenals.
As one example, a gauze roll may be used as the absorbent
pad and the cylindrical roll may be inserted into the pad
holder 606 and easily removed when saturated without
substantially disrupting the guide wire 604 or the drive
assembly. In the example shown 1n FIG. 32, the absorbent
pads may be static and may be positioned sutliciently close
to the guide wire 604 so that the guide wire 604 engages with
at least one and preferably both absorbent pads 608 as 1t 1s
moved by the drive assembly. Alternatively, the cleaning
clamps 602 may be configured as in FIGS. 30 and 31 so that
the pad holders 606 are selectively moved closer together
and farther apart to clamp and unclamp around the guide
wire/catheter.

In the embodiments shown 1n FIGS. 30-32, the debris
cleaning mechanism 1s separate from the driving and/or
clamping mechanisms of the catheter insertion assembly or
system. However, in other embodiments the debris cleaning
mechanism 1s mcorporated into the static gripper mecha-
nism. FIG. 33 1s a top plan view of a debris cleaning
mechanism 1ntegrated 1nto a static gripper mechanism 1n the
open position. FIG. 34 1s a top plan view of the debris
cleaning mechanism of FIG. 33 in the closed or clamped
position. With reference to FIGS. 33 and 34, the drying
mechanism 700 may be substantially the same as the drying
mechanisms 500,600, but 1n this example, the cleaning/
drying clamps 702 may include the absorbent pads 708 and
the gripper pads 712. The gripper pads 712 and the absorbent
pads 708 may both be positioned on a front face of the
cleaning clamps 702 and oriented to face the corresponding
pads on the opposite cleaning clamp. That 1s, the absorbent
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pad 708 for the first cleaning clamp 702a 1s positioned
across irom the absorbent pad 708 of the second cleaning
clamp 70256 and likewise the gripper pad 712 for the first
cleaning clamp 702a 1s positioned across from the gripper
pad 712 for the second cleaning clamp 70254. In one embodi-
ment, the absorbent pads 708 are positioned distal of the
gripper pads 712, so that the guide wire 704 1s cleaned as 1t
exits the patient’s body or catheter and before 1t reaches
gripper pads 712. In some embodiments the absorbent pads
708 are spaced apart from the gripper pads 712 to define a
gap between the two pads. However, 1n other embodiments,
the absorbent pads 708 and the gripper pads 712 on each
cleaning/drying clamp 702 are positioned adjacent to and
touching one another.

With continued reference to FIGS. 33 and 34, the gripper
pads 712 in this embodiment may be substantially the same
as the other gripper pads disclosed herein. Additionally, the
cleaning clamps may be driven by similar active drive
mechanisms as disclosed herein, with the exception being
that the cleaning clamps may also include brackets for
holding the absorbent pads. Depending on the materials used
for the absorbent pads 708 and the gripper pads 712 the
thickness of each of the pads 708, 712 may be the same or
may be varied. For example, in one embodiment, the absor-
bent pads 708 may be more easily deformed than the gripper
pads 712 and 1n this example, the absorbent pads 708 may
have a first thickness 11 and the gripper pads 712 may have
a second thickness T2 where 12 1s greater than T1. If the
absorbent pads are on the same clamp as the dynamic
gripper pad, 12 1s used such that when the clamps are 1n the
open position, the absorbent pads remain in contact with the
wire such that they serve to clean/dry the wire 1n the return
stroke while the dynamic gripper 1s open. Continuing with
this example, as the absorbent pads 708 deform more readily
and 1n the clamped position (see FIG. 34), the absorbent
pads 708 deform to the same thickness as the dynamic
gripper pads 712. However, in other embodiments, 11 the
absorbent pads are on the same clamp as the static gripper
pad, the static gripper pads 712 and the absorbent pads 708
may have the same thicknesses or the static gripper pads 712
may have a greater thickness as compared to the absorbent
pads 708.

Operation of the drying mechanism 700 of FIGS. 33 and
34, will now be discussed in more detail. Generally, the
operation of the drying mechanism 700 may be substantially
the same as the drying mechanism 500 of FIGS. 30 and 31,
however, as the cleaning clamps 702 are moved, the guide
wire 704 1s repositioned by the dynamic gripper pads 712.
In particular, in the open position of the cleaning clamps as
shown 1n FI1G. 33, the static gripper pads (not shown 1n FIG.
33) secure the guide wire 704 to hold 1t 1n a desired position
and the dynamic gripper pads 712 may be repositioned
relative to the wire. For example, the entire cleaning clamp
702 may be repositioned relative to the guide wire 704 to
move the guide wire 704 to a different location relative to the
gripping surface of the gripper pads 712 and absorbent pads
708. Alternatively the pads 712 themselves may be moved
relative to the pad holders 706 to reposition the guide wire
704.

With reference to FIG. 34, after the gripper pads 712 have
been repositioned as desired, the debris cleaning mechanism
700 transitions to the clamped position. In the clamped
position, the absorbent pads 708 and the gripper pads 712
are moved to clamp against the guide wire 704. As the
absorbent pads 708 clamp against the guide wire, they act to
absorb fluids from the guide wire 704, cleaning and drying
the guide wire 704.
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In the debris cleaning mechanism 700 of FIGS. 33 and 34,
the absorbent pads 708 and/or the gripper pads 712 may be
removable and replaceable. For example, the two sets of
pads may be removed and replaced 1n a set. As another
example, the pads may be individually replaceable. In this
example, waste may be reduced since the absorbent pads
may need to be replaced more frequently than the gripper
pads and can be removed and replaced when needed, with-
out requiring the gripper pads to be replaced as well.

Although 1n the embodiment shown 1 FIGS. 33 and 34
the absorbent pads 708 and the gripper pads 712 are shown
as two separate components, in other embodiments, the
absorbent pads 708 and the static gripping pads 712 may be
integrated mto a single component. For example, a first
portion of an mtegrated absorbing and static gripping pad
may have an absorbent material and a second portion of the
pad may include a gripping material for gripping the guide
wire. In another example, a single material may be sufli-
ciently absorbent and with a suthciently high coeflicient of
friction to grip the guide wire, while also removing fluids
from the wire. Similarly, although the embodiment of FIGS.
33 and 34 have been discussed with respect to a single
absorbent pad and a single gripping pad on each cleaning
clamp 702, in other embodiments, the drying mechanism
may include two or more of each pad on each clamp.

In addition to or alternatively to the absorbent pads, the
drying mechanism may also include a wick or wiper. FIGS.
35 and 36 1llustrate top plan views of a drying mechanism
including both a wiper and an absorbent pad. With reference
to FIGS. 35 and 36, the drying mechanism 800 of this
embodiment may be substantially similar to the drying
mechanism of FIGS. 30 and 31, but may also include a wiper
814. The wiper 814 may be positioned distal of the absorbent
pad 808 so that as the guide wire 804 1s retracted, the wiper
814 reaches the guide wire belfore the absorbent pad 808. In
other words, in the retraction direction Dy, the wiper is
positioned 1n front of the absorbent pad 808.

The wiper 814 may be substantially any type of flexible
material, such as rubber, silicone, or the like. The wiper 814
wicks tluid and debris off of the guide wire 804. The wiper
814 can be used on its own, or as shown 1n FIGS. 35 and 36,
may be used in combination with the absorbent pads. In
examples where the wiper 1s used with the absorbent pads,
wiper 814 helps to prolong the life of the absorbent pads as
more of the fluids and debris are wiped ofl of the guide wire
804 before the guide wire 804 reaches the absorbent pad
808. This allows the absorbent pad 808 to absorb fewer
fluids and debris, while also 1ncreasing the overall dryness
of the guide wire 804 as two separate drying mechanisms are
used. In other words, the wiper 814 may act as a squeegee
to remove debris from the outer surface of the guide wire
804 which works 1n tandem with the absorbent pads to fully
dry the guide wire.

With reference to FIG. 35, the wiper 814 may be suili-
ciently flexible so that in the clamped or closed position of
the drying mechanism the wiper may deform as it presses
against the guide wire 804. This characteristic allows the
cleaning clamps to be clamp suiliciently close to the guide
wire 804 and each other that the guide wire 804 engages
with the wiper 814 to ensure that the guide wire 804 can
move relative to the wiper when needed, but 1s also sufli-
ciently engaged to allow fluids to be removed from 1ts outer
surface.

As brietly mentioned above, 1n some embodiments, the
debris cleaning mechamism includes replaceable absorbent
pads and/or wipers. FIG. 37 illustrates a perspective view of
a debris cleaning mechanism with a replaceable cleaning
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clamp. FIG. 38 1s a cross-section view of the debris cleaning
mechanism of FIG. 37 taken along line 38-38 in FIG. 37.
With reference to FIGS. 37 and 38, 1n this example, the
debris cleaning mechanism 900 may include an enclosed
cleaning clamp 902 housing one or more absorbent pads 908
and/or wipers 914. In particular, the cleaning clamp 902
includes a housing 916 having a wiper aperture 918 defined
therethrough and having a lead-in inlet and an outlet on the
front and back sides of the housing 916, respectively. The
wire aperture extends through a central region of the housing
and extends through both a wiper cavity 920 and a pad
cavity 922 1n the housing.

With reference to FIG. 38, the wiper cavity 920 and the
pad cavity 922 are conﬁgured to support a wiper 914 and an
absorbent pad 908, respectively. The wiper 914 and the
absorbent pad 908 may be substantially the same as the
absorbent pads and wipers shown 1n FIGS. 33 and 34, but
are received within the housing 916. The absorbent pads 908
and wipers 914 may also include a wire aperture defined
therethrough or may include two or more components
compressed towards each other by the housing to define a
small gap for the guide wire to extend through. In these
configurations, the guide wire 904 1s threaded through the
lead-in 1nlet, into the wire aperture 918 of the housing,
through a wire aperture of the wiper 914 and the absorbent
pad 908 and then out the outlet to exit the housing 916. In
other words, 1in this configuration, the guide wire 904 1is
axially loaded into the housing 916.

During operation, the housing 916 1s positioned between
the patient and the drive mechanism and the guide wire 904
1s threaded 1nto the housing 916 as described above. As the
guide wire 1s moved or retracted by the drive mechanism,
the wiper 914 acts to wick fluids and debris from the guide
wire 904 and whatever fluids or debris remain on the wiper
914 are absorbed by the absorbent pad such that as the guide
wire 904 exits the housing 916 the wire may be substantially
dry or otherwise clean. During prolonged use, the absorbent
pad 908 may become saturated and have to be replaced. In
these instances, the guide wire 904 1s removed from the
housing 916 and the housing 1s replaced with a new,
non-statured housing. The guide wire 904 1s then threaded
into the new housing 916 as described above and the
drying/cleaning process can begin again as the drive mecha-
nism 1s activated.

In some embodiments, the debris cleaning mechanism
may also include an air based drying or cleaning mechanism.
For example, the debris cleaming mechanism may include a
heating element, air blower or dryer, and/or a vacuum or
suction device. FIG. 39 1llustrates a side view of an example
a debris cleaning mechanism including a suction device.
With reference to FIG. 39, 1n this example, the cleaning
clamps 1002 of the debris cleaning mechanism 1000 may
include the wipers 1014 and optionally may include the
absorbent pads (not shown 1n this embodiment). Addition-
ally, with reference to FIG. 39, the debris cleaning mecha-
nism 1ncludes a suction device 1024 positioned at the inlet
end of the cleaning clamps 1002. The suction device 1024
activates a vacuum or other suctioning mechanism to pull
fluids and debris off the guide wire 1004 prior to the guide
wire 1004 reaching the wipers 1014. In these embodiments,
the suction device 1024 helps to remove most of the fluid
and debris prior to reaching the cleaning clamps 1002. This
not only helps to ensure that more of the fluids and debris are
removed from the guide wire 1004 so 1t 1s dry and less prone
to slippage, but also helps to extend the life of the cleaning
clamps 1002. For example, when the absorbent pads 1008
are used, the suction device 1024 reduces the amount of
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fluids that are absorbed by each of the pads 1008 by
removing the fluids prior to reaching the pads so that the
pads may be used for longer periods of time.

As briefly noted above, 1n addition to activating a suction
mechanism to remove the fluid, the suctioning device may
be replaced by a blow-drying device that blows air onto the
guide wire 1004 to help remove the fluid and debris and/or
evaporate the fluid and debris. Similarly, a heating element
may be positioned at the entry to the cleaning clamps to
evaporate the fluids and help to clean the wire. Also, the
suctioning device, blowing device, and/or heating element
may be used with or without the cleaning clamps including,
the absorbent pads and/or wipers. In other words, the drying
mechanism 1000 may include just the suction mechanism,
drying mechanism, and/or heating mechanism.

In many of the embodiments of the debris cleaning
mechanism described 1 FIGS. 30-39, the guide wire 1s
typically moved relative to the absorbent pad. However, in
some embodiments, the absorbent pads may also be moved
relative to the guide wire to change the areas of the absor-
bent pad 1n contact with the guide wire, increasing absorp-
tion and helping to extend the life of the pad. FIG. 40 1s a
perspective view ol an example of the debris cleaning
mechanism including a movable absorbent pad. With refer-
ence to FIG. 40, in this example, the debris cleaning
mechanism 1100 may include an absorbent pad that moves
in a longitudinal direction D, and optionally 1n a rotational
direction R, relative to the guide wire 1104. That 1s, the
absorbent pad 1108 may be rotated and moved horizontally
relative to the guide wire 1104 so that various areas on the
outer surface of the absorbent pad 1108 are brought into
contact with the guide wire 1104, so that the entire absorbent
pad 1s exposed and able to absorb fluids, rather than only one
section.

In one embodiment, the absorbent pad may be receirved
into a bracket similar to the pad holder 606 of FIG. 32, which
may move laterally across the guide wire 1104 and the pad
1108 may be a cylindrical shape and rotate due to the
movement of the guide wire 1104 by the drive mechanism.
In other embodiments, the absorbent pad 1108 may be
connected to an axel or other support device that extends
through a center of the pad 1108 or 1s otherwise configured
to rotate the pad 1108 and also move the pad in the
longitudinal direction D,. As the absorbent pad becomes
saturated or otherwise needs to be replaced, another pad can
be 1nserted into the pad holders, or may be inserted coaxially
to the first saturated pad.

It should be noted that any of the features of the drying
mechanisms described 1n FIGS. 30-40 may be used with any
of the other features of the other embodiments. For example,
the wipers may be combined with the drying mechanism of
FIG. 40. As another example, the absorbent pads may be
used with the suction mechanism of FIG. 39, instead or 1n
addition to the wipers. As such, the description of any
particular implementation 1s meant as illustrative only and
many other embodiments and implementations are envi-
s1oned.

Controlling Active Drive Systems
Synchronizing and Aligning Active Drive Motors

To optimize the continuous eflective insertion of an
clongate member with the mechanisms described above, the
angular position of the insertion and grip motors’ output
shafts generally must be synchronized so the mechanism 1s
inserting when the dynamic gripper 1s closed and the static
grippers are open. Subsequently, 1t 1s necessary to have the
dynamic gripper open when the insertion motor 1s moving
backwards betfore the dynamic gripper re-clutches on the
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clongate member to move the elongate member forward
again via the insertion motor. Without proper synchroniza-
tion between the 1nsertion and grip motors, however, nser-
tion becomes less eflective. For instance, 1f the dynamic
gripper 1s closed when moving backwards or for even part
of the backward stroke, then the elongate member would
retract rather than insert. Hence, the efliciency of the mecha-
nism 1s reduced with regards to the eflective msertion rate.

Accordingly, precisely determining the location of a
motor i the mechanisms range of motion 1s crucial for
alignment of multiple motors and ultimately synchroniza-
tion of the motors. It 1s important to determine the electrical
current profile of the mechanism to ascertain distinctive
characteristics, for example peaks and troughs, of the current
profile. The distinctive characteristics may occur, for
example, due to the presence of varying torque due to cams
as the motor 1n the mechanism moves through their range of
motion. The motors may be coupled to electrical current
sensors, wherein the sensors may be 1n communication with
a monitor including a processing system, for analyzing an
clectrical current profile of each motor.

The electrical current profile, and consequently the peaks
and/or troughs representing distinctive characteristics, may
be generated by driving each motor a full repetition through
the motor’s range of motion. Additionally or alternatively,
cach motor may be driven multiple repetitions to compen-
sate for phase shifts of the current signal to yield multiple
current profiles, for example to account for latency with the
monitoring system. These electrical current profiles may
then be averaged to compensate for any phase shifts and
produce demonstrative current characteristics.

The distinctive characteristics of the current profile may
correspond to particular actions or functions of the motor.
For example, FIGS. 41 and 42 illustrate exemplary distinc-
tive characteristics for the current profile of the mnsert and
grip motors, respectively. In the example according to FIG.
41, the peaks in the current profile may represent the
“forward” and “backward” strokes of the dynamic gripper
(e.g., via the 1msert motor). For instance, the first peak 1200
in current may indicate the start of the backwards motion
and the second peak 1202 may indicate the start of forward
motion. In an alternative implementation, the first peak 1200
may represent clockwise rotation around an axis, whereas
the second peak 1202 may indicate counterclockwise rota-
tion. The action of the motor 1s inconsequential as the
disclosure 1s not limited to any particular type of mecha-
nism. For example, while some embodiments may be gen-
erally directed to rotational mechanisms or motors, other
types such as ftranslational mechanisms may also be
employed.

For example, FIG. 42 1llustrates distinctive characteristics
indicated by both peaks and troughs. For instance, the first
or intermediate peak 1204 1n current may indicate that the
static (or outer) grippers are opening while the first or
intermediate trough 1206 may 1ndicate the static grippers are
closing. On the other hand, the current of the gripper motor
may be at 1ts maximum, for example at i1ts highest peak
1208, when the gripper 1s opening and at 1ts minmimum or
lowest trough 1210 when the dynamic gripper 1s closing.

The filtered electrical current profile may be used to locate
or pinpoint where exactly in the range of motion each motor
1s 1 at a given time. The distinct characteristics of each
motor’s electrical current profile, for example the relevant
peaks and/or troughs, may indicate the motor’s position in
response to a given motor’s range of motion. Such current
peaks and/or troughs or other characteristics may correspond
to loading or unloading of an electrical drive system and
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associated electrical current(s). For instance, with reference
to FIG. 41, the second peak may represent the commence-
ment of motor insertion. If the exemplary mechamism
includes a range of motion for the insert motor of 7 mm
forwards and backwards, the electrical current profile
according to FIG. 41 sigmifies that the nsert motor begins
moving backwards or retracts 7 mm at the first peak and
commences moving forwards or inserts 7 mm at the second
peak. Likewise, after analyzing the electrical current profile
for the gripper motor according to FIG. 42, the start of the
static and dynamic grippers clutching and un-clutching of
the elongate member can be precisely determined. Accord-
ingly, the distinctive characteristics correlating to motor
actions of the insert and grip motors may be used to align the
motors angular positions for the most effective insertion rate.

The distinctive characteristics of the insert motor may be
coordinated with complementary distinctive characteristics
of the gripper motor to optimize the efliciency of the
mechanism (e.g., optimize maximum 1nsertion rate). For
example, for maximum eflective nsertion rate of the above
mechanism, 1t 1s necessary to align the closing of the
dynamic gripper with the forward motion of the insert motor.
With reference to the electrical current profiles of the
respectwe motors, the posmon of the msert motor when the
current 1s at its maximum (e.g., the second peak 1202
according to FIG. 41) 1s aligned with the posr[lon of the
gripper motor when the current 1s at the minimum (e.g., the
lowest trough 1210 1n FIG. 42). Coordinating the peaks and
troughs of the electrical current profiles with corresponding,
positions of the motors ensures that the elongate member 1s
ultimately driven by the mechanism monotonically.

To align the motors, the positional relationship of the
motors as the motors progress through their range of motion
in the mechanism needs to be calibrated. The positional
relationship may depend on the mechanism used. For
instance, the positional relationship for an active drive
system may use a 1:1 relationship between the insert and
orip motors. For proper alignment, an offset may be incor-
porated 1nto the positional relationship determination, and
added to the position of one of the motors. The oflset may
take into account the positional relationship between the
motors for a given mechanism (e.g., 1:1 ratio, 2:1 ratio, 3:2
ratio, etc.). Thus, for example, if 1insert motor X had a peak
current indicating insertion motion at 1 rad, and gripper
motor Y had a mimmmum current indicating closing of
dynamic gripper at 1.3 rad, then the calculated off:

set would
be 0.3 radians. Accordingly, an equation used to calculate
the position of motor Y 1n relationship to motor X 1s:

pos,=pos,+offset

The points at which the positional relationship between the
two motors 15 measured may be any position in which a
characteristic of the current profile for motor Y 1s aligned
with a complementary characteristic in the current profile for
motor X. For mnstance, the first peak of FIG. 42 indicating
backwards movement of the insert motor may be aligned
with the maximum current (e.g., the second peak) of FIG. 41
indicating the dynamic gripper 1s open.

Once the positional relationship 1s determined, the motors
may be mechanically timed as they progress through a full
cycle and repeat through their range of motion in the
mechanism. That 1s, the mechanism 1s mechanically timed
such that at the same motor speed the msertion movements
of msert motor X and grip movements of gripper motor Y
complement one another. Accordingly, for every repetition/
revolution of the insert and grip motor of the active drive

10

15

20

25

30

35

40

45

50

55

60

65

24

mechanism shown in FIGS. 2A-21, the complementary
actions of each motor are coordinated as follows:

Revolution Insert Motor X Grip Motor Y
0-14 Insert 7 mm Dynamic Gripper Closed
Y-l Wait Dynamic and Static Gripper
Switch State
L2-%4 Retract 7 mm Dynamic Gripper Open
V-1 Wait Dynamic and Static Gripper

Switch State

After alignment, motor X and motor Y may be driven at
the same velocities, ensuring that motors will maintain their
positional relationship. In the example above, insert motor X
may be driven at the same velocity as grip motor Y such that
motor Y will always be 0.3 rad ahead of motor X, thereby
ensuring synchronization between the motors. This can be
seen 1 FIGS. 43A and 43B, which provides a graphical
representation of the above table. FIGS. 43A and 43B
illustrate the msert and gripper motor positions during one
revolution or one full cycle/repetition through the mecha-
nism after alignment via the positional relationship equation
above. That 1s, FIGS. 43A and 43B show the insert motor
synchronized with the gripper motor after alignment using
cach motors filtered electrical current profile.

FIG. 43A illustrates the positions of the gripper motor
while FIG. 43B 1llustrates the movement of the insert motor
as they progress through their range of motion per revolution
alter the motors have been mechanically timed (e.g., after
synchronization). For the first quarter revolution, the
dynamic grippers are closed while the static grippers are
open when the msert motor 1s moving forward or nserting.
For the second quarter revolution, the dynamic and static
grippers switch positions (e.g., dynamic grippers open and
static grippers close) while the insert motor stays 1dle (e.g.,
neither inserts nor retracts). The third quarter revolution of
the motors includes the static grippers closed and the
dynamic grippers open as the isert motor moves backwards
or retracts. For the final quarter revolution, the dynamic and
static grippers switch states (e.g., dynamic gripper closes
and static gripper opens) and the insert motor waits and 1s
idle. Thus, upon one full revolution, the msert and grip
motors are back in the original position ready to re-clutch
and insert the elongate member.

FI1G. 44 illustrates an exemplary process 1215 for aligning
and synchronizing objects, such as motors, based on elec-
trical current profiles. The process 1215 may begin at block
1220, where the electrical current profile for each motor 1n
the mechanism 1s produced. The electrical current profiles
may be generated by driving each motor one full revolution
or repetition as 1ts current 1s filtered and tracked, for example
via electrical current sensors. Additionally, the motors may
be driven multiple repetitions to generate a plurality of
symmetric electrical current profiles, and taking the average
current profile to compensate for any phase shifts of the
current signal. Once the electrical current profile 1s pro-
duced, the process may proceed to block 1225.

At block 1225, the electrical current profile for each motor
1s analyzed for relevant peaks and/or troughs (e.g., analyzed
for distinct characteristics). For example, the electrical cur-
rent profile may be commumnicated to a monitor for study and
analysis. The filtered electrical current may then be analyzed
to determine the distinct characteristics of the profile. For
instance, with reference to FIG. 42, the gripper motor may
produce two peaks and two troughs per repetition. These
distinct characteristics may then be associated with motor
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actions. For example, by monitoring the gripper motor as 1t
progresses through its range of motion, 1t may be determined
that the current 1s at 1ts maximum when the dynamic
grippers open, the current has a smaller distinctive peak
when the static gripper 1s open, and the current 1s at its

mimmum when the dynamic grnipper closes. The same

analysis and association may take place with all the motors
in the mechanism, for example associating the insert motion
when the msert motor has a maximum electrical current. The

process may then proceed to block 1230.

At block 1230, the electrical current profiles of each
motor 1n the mechamism are aligned with one another. The
alignment of each motor may depend on the mechanism
design. In the above example, to optimize the eflective
insertion rate of the peristaltic active drive mechanism, the
closing of the dynamic gripper of the gripper motor needs to
be aligned with the forward (or backward if retracting the
clongate member from the patient) stroke of the insert motor.
In terms of the electrical current profiles of each motor, the
insert motor when the current 1s at 1ts maximum needs to be
aligned with the gripper motor when 1ts current i1s at 1ts
mimmum (for maximum eflective insertion or forward
stroke). The process next proceeds to block 1235.

At block 1235, the position at which point 1n each motor’s
range of motion 1s determined for the distinctive character-
istics of the electrical current profiles. These determined
positions are then used to coordinate the gripper and insert
motor such that the current profile characteristics of the
insert motor are aligned with complementary current profile
characteristics of the gripper motor. For instance, by moni-
toring the motors as they progress through the range of
motion 1t may be determined that the insert motor has its
peak current at 1 rad while the gripper motors has its
mimmum current at 1.3 rad. Accordingly, the offset may be
calculated to determine the positional relationship of the
motors for proper alignment. That 1s, the equation used to
calculate the position of motor Y 1n relationship to motor X
1S:

pos,=pos,+oifset

il

Thus, 1f mnsert motor 1s X and gripper motor 1s Y, the oflset
would be 0.3 radians (1.3=1+ollset). After alignment, motor
X and motor Y are driven at the same velocities, and motor
Y will always be 0.3 rad ahead of motor X. This 1s true for
the mechanism described above, as the mechanism used a
1:1 relationship between the mnsert and grip motors. How-
ever, the equation holds true regardless of the mechanism
positional relationship (e.g., 2:1, 3:1, 3:2, etc.). Upon deter-
mimng the positional relationship, the process may proceed
to block 1240.

At block 1240, the motors may be synchronized to one
another such that correlative motor actions complement one
another. That 1s, the mechanism may be mechanically timed
such that at the same motor speed, the insertion and grip
movements are synchronized with each other. Referring to
the above example, this means that the dynamic gripper 1s
closed when the insert motor 1s moving forward (or back-
wards depending 1f msertion or retraction 1s the goal), and
the static grippers are closed with the dynamic grippers open
when the insert motor 1s moving backwards to reset. The
final synchronized mechanism 1s illustrated i FIGS. 43A
and 43B. The information obtained in analyzing, aligning,
and synchromzing the motors via the electrical current
profiles may be stored into a database for future replication.
Accordingly, once the motors are aligned and synchronized
for the first time, the 1nsert and grip actions of the mecha-
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nism will be synchronmized so that the effective insertion/
retraction will always be monotonic thereafter.
Variable Stroke Length of Active Drive Motors

In some embodiments, an active drive system may
include dynamic grippers that are configured to vary their
stroke length during insertion of an elongate member. As
shown 1n FIGS. 45-46, dynamic gripper 1300 may be
configured to vary its stroke length during insertion of an
clongate member 1302. Varying the insertion stroke length
on dynamic gripper 1300 may optimize speed while simul-
taneously reducing or preventing buckling. At higher inser-
tion forces, short strokes may prevent buckling of elongate
member 1302, and at low insertion forces, longer stroke
lengths may lead to faster insertion speeds. Retraction may
be performed with a longer stroke for increased speed. Using
dynamic grippers 1300 with variable stroke lengths may
reduce or eliminate extra anti-buckling devices and may
increase insertion speeds and usability.

Variable 1nsertion stroke length may be achieved with any
mechanism that uses a peristaltic motion, for example the
active drive systems described in FIGS. 11-21. The peristal-
tic motion may include advancing elongate member 1302
from a retracted position to an extended position with
dynamic grippers 1300 (shown as step A), releasing elongate
member 1302 with outward transverse movement of
dynamic grippers 1300 (shown as step B), retracting
dynamic grippers 1300 from the extended position to the
refracted position (shown as step C), and re-gripping elon-
gate member 1302 by inward transverse movement of
dynamic grippers 1300 (shown as step D).

FIG. 45 1llustrates a longer insertion stroke length during
periods of lower insertion forces. In this mode, dynamic
grippers 1300 may return to a fully retracted position before
re-gripping and advancing elongate member 1302. By uti-
lizing this mode, the dynamic grippers 1300 may operate at
a lower frequency and insert elongate member 1302 at
higher speeds. Also, elongate member 1302 may achieve a
higher advancement rate, because the mmward spring forces
on dynamic grippers 1300 are overcome less frequently and
less time may be spent accelerating and decelerating
dynamic grippers 1300. When returning to the fully retracted
position, 1t may be desirable to retract dynamic grippers
1300 as fast as possible with a longer stroke length to
accomplish higher speeds for better usability.

Alternatively, FI1G. 46 illustrates a shorter insertion stroke
length during periods of higher insertion forces. For
example, dynamic grippers 1300 may return to an interme-
diary retracted position belore re-gripping and advancing
clongate member 1302. By utilizing this mode, buckling of
the elongate member may be reduced or avoided with a
lower advancement rate. Reducing the insertion stroke
length to the intermediary retracted position may reduce
anti-buckling equipment, cost, setup time, and potential
damage to elongate member 1302.

Stroke length may vary based on insertion forces and
therefore 1t may be usetul to detect insertion forces or predict
buckling 1n order to optimize the stroke length. Force
sensors may measure isertion forces, for example, to help
anticipate and detect buckling. Test data on a variety of
clongate members with varying characteristics may deter-
mine the force thresholds used to determine the buckling
forces. Characteristics may 1nclude the diameter, stiflness, or
material of elongate member 1302.

The system may recognize, using force sensors, when the
insertion forces on elongate member 1302 reach upper and
lower force thresholds. The upper force threshold (i.e. for a
buckling condition) and lower force threshold (1.e. for a
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baseline condition) may be derived from empirical data and
specified given the particular type of elongate member 1302
and the current unsupported length or stroke length.

When the insertion forces on elongate member 1302 reach
the specified higher force threshold, the system may detect
or indicate to the operator and/or operator workstation that
buckling may potentially occur and the stroke length may be
automatically or manually shortened 1n real-time to reduce
or avoid potential buckling of elongate member 1302. Alter-
natively, when insertion forces reach a lower force thresh-
old, the stroke length may be lengthened in real-time to
increase insertion speed. Force sensors may be utilized to
change the stroke length of dynamic grippers 1300 to
optimize speed and buckling reduction 1n elongate member
1302.

Optical sensor 1304 may be utilized to confirm if elongate
member 1302 1s 1n a baseline condition, as shown in FI1G. 47,
or a buckling condition, as shown 1n FIG. 48. An elongate
member may be mserted through valve 1306, for example a
hemostatic valve. Optical sensor 1304 may detect 1f elongate
member 1302 1s iside or outside its field of view. The
system may detect or indicate to the operator and/or operator
workstation that buckling has occurred. Multiple optical
sensors 1304 may be oriented 1n a vertical row perpendicular
to elongate member 1302 to determine the severity of
buckling or in a horizontal row along elongate member 1302
to detect the location or length of buckling. By having
optical sensors 1304 oriented 1n rows, the area of detection
for buckling increases and the height or length of the
buckling may be determined. The higher or longer the
buckling, the more severely the buckling will impede 1nser-
tion. Optical sensors 1304 may also be utilized to adjust the
stroke length of dynamic grippers 1300.

In some embodiments, optical sensors 1304 may be used
in conjunction with force sensors. Using force models to set
the upper and lower force thresholds, real-time force data
may be compared to the force models to determine when
buckling may occur. By comparing real-time data with
model data, the system may detect or predict a buckling
condition to the operator and/or operator workstation. Upon
prediction of a buckling condition, the stroke length of
grippers 1300 may be automatically adjusted or manually
adjusted by controls on the operator workstation to prevent
buckling. Alternatively, upon a prediction of buckling,
dynamic grippers 1300 may be re-clutched forward to
shorten the stroke length thereby reducing the stroke length
and the insertion speed of clongate member 1302. IT the
system cannot predict buckling 1n time and take precaution-
ary measures as described above, and 11 buckling actually
occurs, then the operator workstation may indicate a wamn-
ing to the user that buckling has occurred, so the user may
take corrective actions such as checking elongate member
1302 for damage or kinks. Any combination of force sen-
sors, optical sensors 1304, and empirical models may be
utilized to re-clutch dynamic grippers 1300, for example, to
reduce the stroke length to help prevent buckling of and
damage to elongate member 1302.

Dynamic grippers 1300 may also re-clutch elongate mem-
ber 1302 when switching between retraction and insertion
modes. A transition from retraction to insertion could con-
stitute a forward re-clutch of dynamic grippers 1300 to
revert to a longer stroke length during retraction. For this
transition, the possibility of buckling should be determined
as described above and the 1nsertion stroke length should be
adjusted appropriately.

Due to the variability 1n elongate members 1302, the
characteristics of each type of elongate member 1302 may
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be helpiul 1n determining the force thresholds for buckling
detection and prevention. The configuration of the system
may depend on the type of elongate member 1302. The type
of elongate member 1302 may be specified by user input,
automatically determined by a sensor, or a combination
thereof. An optical sensor, for example, may determine the
diameter of elongate member 1302 and the user may 1nput
material characteristics. Material characteristics may
include material and coating types, for example presence of
a hydrophilic coating. With the information on the type of
clongate member 1302, the system may automatically or the
user may manually specily the force thresholds for the
particular type of elongate member 1302. With reference to
FIG. 49, additional instruments may assist with the detection
and prevention of buckling. The system 1310 may include a
real-time 1maging device 1312, for example tluoroscopy.
With an imaging device 1312, the user can see when they are
iserting in an area likely to require higher 1nsertion forces,
for example, due to tortuous anatomy or anatomical
obstacles. The user may use visual feedback from the
imaging device 1312 to determine insertion forces. The user
may vary a haptic input to vary the stroke length of dynamic
grippers 1300. The user would have to deduce the amount of
relative force being applied to the elongate member based on
visual feedback and adjust the stroke length accordingly.

The system 1310 may also include a haptic device that
mimics user motion and provides tactile feedback to the
user. The haptic device may mimic the motions of and forces
applied by the user. The haptic device may directly translate
the user’s motion to vary the stroke length to an adjustment
in stroke length by dynamic gripper 1300.

Managing Flongate Member Slip

During use of the active drive systems described above, it
1s 1mportant to accurately position the elongate member 1n
the patient and to retain the elongate member at that position
until a desired task i1s accomplished. However, elongate
members are preferably designed and manufactured to
facilitate insertion 1nto the patient without undue resistance,
and elongate members may slip, migrate, or otherwise move
with respect to the patient so that the tip of the elongate
member moves away from the desired position. Thus, there
exists a need to predict and reduce slip of an elongate
member.

FIG. S0A illustrates one embodiment of a catheter assem-
bly 1400 comprising a slip detection system including one or
more sensors for detecting slip of an elongate member. As
shown 1 FI1G. S0A, the catheter assembly 1400 may include
an clongate member 1402, a first sensor 1404, and a second
sensor 1406. As further described below, a drive mechanism
1408 and splayer 1410 may be provided for driving inser-
tion/retraction of the elongate member 1402, and steering
the elongate member 1402, respectively. The elongate mem-
ber 1402 may be of any size, and may have a proximal
portion 1412 and a distal portion 1414. The first sensor 1404
1s located adjacent the distal portion 1414 of the elongate
member 1402 and may be configured to measure a displace-
ment AY of the distal portion 1414 of the elongate member
1402. The second sensor 1406 1s located adjacent the
proximal portion 1412 of the clongate member 1402 and
may be configured to measure a displacement AW of the
proximal portion 1412 of the elongate member 1402.

The drive mechanism 1408 may be configured to translate
the elongate member 1402 along a commanded insertion
distance AX. Any drive mechanism may be employed to
command translational and/or rotational motion of the elon-
gate member 1402, including but not limited to grippers,
rollers, or the like as described above.
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In some embodiments, the first sensor and/or the second
sensor may be optical sensors or roller sensors (i.e., contact
sensors), for example. More specifically, optical sensors
may be used to read a translational position of the elongate
member 1402, for example the proximal portion 1412 (rep-
resented as Y 1n the Figures) and/or the distal portion 1414
(represented as W 1n the Figures). Optical sensors may
advantageously allow placement of the sensors outside a
sterile barrier enclosing the elongate member 1402. In some
embodiments, a contact sensor may include a roller or wheel
in contact with the elongate member 1402 or portions
thereol, and may measure a displacement or translational
motion of the elongate member 1402 by passively rolling in
response to motion of the elongate member 1402. In contrast
to optical sensors, a contact sensor may require placement
within the sterile field that includes the elongate member
1402, since 1t generally remains 1n contact with the elongate
member 1402 during operation.

In some embodiments, any number of additional sensors
may be at any location along the clongate member 1402
and/or on the drive mechanism 1408 for measuring any
additional conditions of the elongate member 1402 that may
be desired. For example, the drive mechanism 1408 and/or
splayer 1410 may measure an insertion force applied to the
clongate member, an 1nsertion speed of the elongate member
1402, or a grip force applied to the elongate member 1402
by the drive mechanism 1408. Alternatively or additionally,
separate sensors (not shown) may be provided for detecting
insertion force applied to the elongate member 1402 or any
portion thereof.

FI1G. 51 illustrates an exemplary process 1420 for slip and
buckling detection and correction. Process 1420 may begin
at block 1425 where a user may position or set up a catheter
assembly 1400. More specifically, as described above an
clongate member 1402 having a proximal portion 1412 and
a distal portion 1414 may be provided. Additionally, a first
sensor 1404 configured to measure a proximal displacement
AY of the elongate member 1402, a second sensor 1406
configured to measure a distal displacement AW of the
clongate member 1402 and a drive mechanism 1408 con-
figured to translate the elongate member 1402 along a
commanded 1nsertion distance AX may be provided.

Proceeding to block 1430, the user may set or input a type
and/or size of the elongate member 1402 into the system.
For example, a diameter of the elongate member 1402 or
material associated with the elongate member 1402 may be
input. As will be described further below, these inputs may
be used to determine a slip and/or buckling condition of the
clongate member 1402. Process 1420 may then proceed to
block 1435.

At block 1435, a predetermined 1nitial setting(s) for the
drive mechanism 1408 may be set or mput by the user or
may be automatically loaded by the system based on a
logged value, for example from a previous use or test of the
clongate member 1402. The predetermined initial settings
may include: an initial grip force (IGF), a minimum grip
force, a maximum grip force, a minimum 1insertion force,
and a maximum 1nsertion force.

Proceeding to block 1440, the user may command an
insertion distance AX for the elongate member 1402.

At block 1445, the drive mechanism 1408 may process
the commanded insertion distance AX to drive the elongate
member 1402 according to the commanded insertion dis-
tance AX.

At block 1450, data may be measured by one or more of
the sensors. The first sensor 1404 may measure a proximal
displacement AY of the elongate member 1402, and the
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second sensor 1406 may measure a distal displacement AW
of the elongate member 1402. In addition, any of the sensors
may also measure sertion force, and/or msertion speed of
the elongate member 1402 and/or grip force of the drive
mechamism 1408.

At block 1455, the sensor data may be analyzed or
received, for example by an application configured to deter-
mine a buckling and/or slip condition of the elongate mem-
ber 1402. For example, as described further below, one
embodiment of a process for analyzing sensor data may
include analyzing translational or displacement data from
the first and second sensors 1404, 1406.

In one example, the commanded insertion distance AX,
the proximal displacement AY and the distal displacement
AW are all compared to determine a buckling and/or slip
condition associated with the elongate member 1402. For
example, proceeding to block 1460, a slip and/or buckling
condition associated with the elongate member 1402 may be
determined or detected using the sensor data discussed
above 1n block 1435.

For example, 11 the commanded insertion distance sent to
the drive mechanism 1408, the measured proximal displace-
ment AY, and the measured distal displacement AW are all
equal, then no slip or buckling condition 1s detected. More
specifically, when the commanded insertion distance AX and
displacements AY and AW of both the proximal and distal
portions of the elongate member 1402, respectively are
equal, then the elongate member 1402 will generally not
have buckled. The lack of buckling 1s demonstrated by the
equal displacement of the proximal portion 1412 and distal
portion 1414, 1n this exemplary 1illustration. Moreover, the
clongate member 1402 will also not have slipped with
respect to the drive mechanism 1408 when the commanded
distance AX provided to the drive mechanism 1408 1s equal
to both of the proximal and distal portion displacements AY
and AW. More specifically, since the displacement of the
clongate member 1402 1s equal to the commanded move-
ment distance AX, no slip between the drive mechanism
1408 and the elongate member 1402 1s apparent.

On the other hand, 1f discrepancies exist between the
displacement data measured by the first and second sensors
1404, 1406 and/or the commanded insertion distance AX,
the differences between the sensor data and commanded
distance may indicate the presence of a buckling and/or slip
condition 1n the elongate member 1402.

For example, if the proximal displacement AY 1s not equal
to the distal displacement AW, as shown in FIG. 50B, this
may indicate that the elongate member 1402 has buckled at
some point 1n between the first and second sensors 1404,
1406. In one embodiment, buckling may be evidenced by a
greater displacement AY of the proximal portion 1412 of the
clongate member 1402 compared with the displacement AW
of the distal portion 1414 of the elongate member 1402.

Additionally, 1f the commanded msertion distance AX
does not equal the proximal displacement AY, this may
indicate that the proximal portion 1412 of the clongate
member 1402 has slipped with respect to the drive mecha-
nism 1408 which 1s imparting insertion motion to the
clongate member 1402, and accordingly a slip condition 1s
detected.

Proceeding to block 1465, a notification of the slip and/or
buckling condition(s) may be provided, for example to the
user. In some embodiments, a visual or audible notification
may be provided. Alternatively or 1n addition, haptic feed-
back may be provided via a control interface (not shown) of
the elongate member 1402. Any notification may be of
various 1ntensities and frequencies and may include any
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color light, flashing light, sound, visual indicator, or text-
based message on a display. Process 1420 may then proceed
to block 1470.

At block 1470, the system may take corrective action with
respect to any condition(s) detected 1n block 1465. Correc-
tive action may be taken automatically by the system and/or
drive mechanism 1408, for example without intervention by
the user, or corrective action may be taken directly by the
user to correct the condition, for example upon observing,
one of the above-mentioned indicators provided at block
1465. Upon correction of the condition(s), the drive mecha-
nism 1408 may then continue to drive the elongate member
1402 for the remainder of the commanded distance X.

Corrective action may not be needed 11, for example, there
1s no slip or buckling detected 1n the elongate member 1402,
and a grip force or 1nsertion force 1s at a satistactory value.
In cases where no slip or buckling condition 1s detected and
the grip and 1nsertion forces are satisfactory, process 1420
may proceed to block 1475.

On the other hand, 1 a slip or buckling condition 1s
detected, imputs to the clongate member 1402 may be
adjusted to provide a correction of the detected condition.

For example, if a slip or a partial slip condition 1s
detected, the drive mechanism 1408 may adjust a grip force
on the elongate member 1402 by increasing a grip force of
the drive mechanism 1408 upon the elongate member 1402.
In some embodiments, grip force may be increased until the
slip condition 1s no longer detected, for example the com-
manded 1nsertion distance AX 1s equal to the measured
proximal displacement AY, including any corrections for
reduced translation during the previously detected slip con-
dition. Once the measured proximal displacement AY 1is
equal to the commanded 1nsertion distance AX over a period
of time, the slip condition 1s no longer present for that period
of time. Process 1420 may proceed to block 1475.

In another example, 1f a buckling condition 1s detected,
drive mechanism 1408 may drive the elongate member 1402
in order to correct the buckling condition, for example by
slowing or even reversing insertion movement of the elon-
gate member 1402. More specifically, buckling of the elon-
gate member 1402 may be corrected by moving the proxi-
mal portion 1412 of the elongate member 1402 such that 1t
1s retracted away from the patient insertion site, decreasing
a difference between the displacement of the proximal
portion 1412 AY until it 1s equal or substantially equal to the
displacement of the distal portion 1414 AW,

In some embodiment, other corrections may be provided
by the system and/or drive assembly 1400. For example, a
orip force being applied to the elongate member 1402 may
be compared to a predetermined grip force range that 1s
desired for the elongate member 1402. If the grip force is
within the predetermined grip force range, then no correc-
tion need be made and the process 1420 may proceed to
block 1475. On the other hand, it a grip force 1s below a
mimmum grip force recommended for the elongate member
1402, the grip force applied by the drive mechanism 1408
may be increased until the grip force 1s above the minimum
gr1p force. On the other hand, 11 the grip force 1s greater than
a maximum grp force desired for the elongate member
1402, the grip force may be decreased until it 1s below the
maximum grip force. IT a grip force 1s too high or too low,
system may provide a notification, for example to the user,
of the specific grip force 1ssue. Grip force may be generally
constantly analyzed to ensure the grip force remains within
the predetermined grip force range.

In some embodiments, msertion force of the elongate
member 1402 may be analyzed and corrected as needed.
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More specifically, an insertion force applied to the elongate
member 1402, for example as measured by the drive mecha-
nism 1408, may be compared to a predetermined insertion
force range that 1s desired for the particular elongate mem-
ber 1402. 11 the insertion force 1s within the predetermined
isertion force range, then there 1s no 1nsertion force 1ssue
and the process 1420 may proceed to block 1475.

On the other hand, if the insertion force 1s less than a
minimum predetermined insertion force setting, this may
indicate that the elongate member 1402 1s not being inserted
at an appropriate speed. Accordingly, an insertion speed of
the elongate member 1402 applied by the drive mechanism
1408 may be increased.

If the insertion force 1s greater than a maximum prede-
termined insertion force setting, the insertion force may be
adjusted, for example by decreasing an insertion speed of the
clongate member 1402 or by ceasing insertion motion of the
clongate member 1402. Alternatively or additionally, 1t the
insertion force 1s too high, the drive mechanism 1408 may
automatically adjust a grip force on the elongate member
1402. For example, by reducing a grip force on the elongate
member 1402, msertion speed may be reduced by allowing
some amount of slip between the elongate member 1402 and
the drive mechamism 1408 to occur. Moreover, the system
may provide a notification of the specific insertion force
issue. The process 1420 may generally continuously analyze
the insertion force to ensure insertion force 1s within the
predetermined insertion force range or 1s corrected.

The above-noted corrections for slip and buckling con-
ditions, as well as corrections to grip force and insertion
force may be carried out automatically by the drive mecha-
nism 1408, for example without requiring intervention by
the user. Alternatively, corrections may be applied manually
by the user, for example 1n response to notification(s) being
provided by the system of the relevant condition(s).

Sensor data may also be used to allow the system and/or
drive mechanism 1408 to “learn” appropriate 1nsertion
speed, force, and grip settings for a given elongate member
1402. For example, proceeding to block 1475, a measured
orip force (or any other settings) associated with non-slip,
non-buckling or otherwise satistactory conditions for a
given elongate member 1402 may be logged as the appro-
priate default setting for the particular elongate member
1402. Additionally, any conditions resulting in non-desirable
conditions such as excessive slip, buckling, or deviations 1n
or1p force or 1msertion force outside desired parameters may
be logged to avoid or reduce such conditions 1n future

procedures. The settings may be used in subsequent proce-
dures using clongate member 1402, as described above 1n
blocks 1475 through 1470, 1n order to provide guidance
regarding appropriate settings for the elongate member 1402
and any corrections made to the operating parameters
described above. Moreover, as 1deal settings may vary
amongst different elongate members 1402 having difierent
s1ze diameters or types, the logging and memory of previous
procedures and conditions resulting from various operating
parameters may allow the system and/or drive mechanism
1408 to generally learn or modily desired operating param-
cters continuously for a number of diflerent elongate mem-
bers 1402, thereby reducing the occurrence of conditions
such as slip or buckling 1n future procedures. The system
may thereby determine appropriate default settings for a
number of ditlerent elongate members 1402 having diflerent
configurations, diameters, sizes, coatings, types, and/or any
other feature. Accordingly, 1n subsequent procedures the
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system may automatically load the default settings, for
example grip force, based on the logged grip force. Process
1420 may then terminate.

Alternatively, in some embodiments, a sensor for slip
detection may include one or more force sensors, force-
sensing resistors, force-pads, pressure sensors, load cells,
displacement sensors, distance sensors, proximity sensors,
optical distance sensors, magnetic sensors, optical encoders,
or mechanical switches. FIGS. 52 and 53 1llustrate a robotic
catheter assembly 1500 having an active drive device with
two component devices 1502a, 15025 thereol, and an elon-
gate member 1504 disposed between the devices 1502a,
15025. The active drive device 1502q, 15026 may be
configured to drive the elongate member 1504 1n an axial
direction A for insertion or retraction of the elongate mem-
ber. The first and second devices 15024, 15025 of the active
drive device may each generally include similar compo-
nents. For example, the respective devices may include a
gripper comprising pads 1506a, 150656 (otherwise referred
to as a “surface”) for receiving the elongate member 1504
secured 1in a housing 1508a, 15085 defining an interior. The
pad surfaces 1506a, 150656 may engage the elongate mem-
ber 1504 via friction between the surtace of the pad 1506a,
15065 and the surface of the elongate member 1504. The
housing 1508a, 15085 may include a sterile barrier 1510aq,
151056 configured to protect the interior of the housing
1508a, 150856, and any components disposed therein, from
contaminants in the external environment. Within the hous-
ing 1508a, 150856 of each device 1502q, 15025 there may
have a linear guide 1512a, 15125 including a gwmde rail
1514a, 15145 and a guide block 1516a, 15165 axially
slidable relative to the respective guide rail 1514a, 1514b.
The linear guide 15124, 15126 (e.g., the guide rail 1514a,
15145 and guide block 1516a, 15165) have a distal end
1518a, 15186 and a proximal end 1520a, 152056. The first

and second devices 1502a, 15025 may be coupled to a drive
system or mechanism 1522a, 152256 operable to provide the
axial motion to insert and/or retract the elongate member
1504, as discussed in further detail below. Accordingly, the
pads 1506a, 15065 are axially slidable relative to the drive

system mechanism 1522q, 15225.

The first device 1502a may include a sensor A associated
with the proximal end 1520q and a sensor B associated with
the distal end 1518a. Likewise, the second device 15025
may include a sensor D associated with the proximal end
152056 and a sensor C associated with the distal end 15185.
Sensors A, B, C and D may include a force sensing device
configured to measure a force applied. Additionally or
alternatively, the sensors A, B, C, D may include a displace-
ment or distance sensor configured to measure the displace-
ment of one or both of the pads 15064, 15065 relative to the
respective drive mechanism 1522a, 15225. According to
another vanation, the sensors A, B, C, D may include any
sensing component configured to detect a change 1n relation
between the pads 1506a, 15065 and the drive mechanism
1522a, 15225, including but not limited to proximity sen-
sors, optical distance sensors, magnetic sensors, optical
encoders, mechanical switches, etc. The sensors A, B, C, D
may communicate with the workstation, electronics rack
and/or electronics box via an interface (not shown). The
interface(s) may be configured to transmit data from the
sensors A, B, C, D to the workstation, electronics rack,
and/or electronics box. The interface(s) may be one-direc-
tional such that data may only be transmitted in one direc-
tion. Additionally, the interface(s) may be bi-directional,
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both receiving and transmitting data between the sensors A,
B, C, D and the workstation, electronics rack, and/or elec-
tronics box.

The respective sensors A, B, C, D may be accommodated
within the housing 1508a, 15085 which may secure the pads
15064, 15066. The housing 1508a, 15085 may include a

single component or may include a plurality of components.
For mstance, the housing 15084, 15085 may include caps

1524a, 15245 adjacent to the sensors A, B, C, D and an
internal shell 1526a, 15265 for additional protection from
the surrounding environment. The caps 1524a, 15245 may

be removed to access the sensors without having to also
remove the internal shell 1526a, 15265. The housing 1508a,
15085 may secure the sensor B and C 1n place at the distal

end 1518a, 15186 and secure the sensors A and D 1n place

at the proximal end 1520a, 15205.
In the following discussion, reference to the housing

15084, 15085 may be synonymous with the housing 15084,

15085, caps 1524a, 1524H and 1nternal shell 1526a, 15265b.
The first and second device 1502a, 15026 may include an
axial clearance X between at least one of the distal ends
15184, 15185 and the respective sensor B, C and/or between
at least one of the proximal ends 1520a, 152056 and sensors
A, D. According to a non-limiting example, the respective
clearances X, X may comprise a few millimeters or less,
¢.g., 0.1 mm to 5 mm. The magnitude of the clearances X,
X may depend at least 1n part on the manufacturing toler-
ances associated with the assembly 1500 components.

In order to translate the pads 1506a, 15065 axially, the
drive mechanism 1522q, 15225 may actuate one or both of
the devices 1502a, 15025 via a drive post 1528a, 1528b. The
guide rail 1514a, 15145 of the linear guide 1512a, 15125
may be coupled, fastened, fused, or otherwise adhered to the
housing 1508a, 15085, whereas the guide block 1516aq,
15165 may be attached to the drive post 1528a, 1528b,
which in turn may be connected to the drive mechanism
1522a, 1522b. As such, the guide rail 1514a, 15145 may be
in slidable communication with the guide block 135164,
15165. Accordingly, the guide rail 1514a, 15145 and asso-
ciated housing 1508a, 15086 may be axially slidable relative
to guide block 1516a, 15166 and associated drive post
1528a, 15285. Therelore, according to one implementation,
the pad 1506a, 150656, housing 1508a, 150856, guide rail
1514a, 151456 and associated sensors A, B, C, D may be
axially slidable relative to the guide block 15164, 15165 and
drive post 1528a, 15285.

According to another example, the pads 15064, 15065 and
associated sensors A, B, C, D may be axially slidable
relative to the housing 15084, 15085, which may be coupled
to the guide block 1516a, 15166 and drive post 1528a,
1528b. That 1s, the housing 1508a, 15085 may be coupled to
the drive mechanism 13522q, 15226 such that the pads
15064, 15065 are axially slidable relative to the housing
15084, 15085. The overall principle operation of the devices
1502a, 15026 remains constant regardless of the implemen-
tation, and therefore for purposes ol expedience will be
described with respect to the housing 15084, 15085 and pad
15064, 15065 being axially slidable relative to the dnive
mechanism 1522a and 152256. However, a skilled artisan
would understand that the same principles apply equally to
an axially slidable housing 1508a, 15085 relative to the pad
15064, 1506b. In other words, slippage may be detected 1n
response to the relative axial movement of the pads 1506aq,
15065 with respect to the drive mechanism 1522a, 1522b,
for example via the housing 1508a, 15085 and/or the drive
post 1528a, 15285.
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Additionally, the devices 1502a, 15026 may include a
bias member 1530, as shown 1n FIG. 53, operatively
attached to the pads 1506a, 15065. The bias member 1530
may include a spring or other mechanism configured to
establish a clearance X, X associated with each pad 1506a,
15065. Additionally or alternatively, the clearance X, X may
be established at least in part due to tolerances associated
with the components of each device 1502a, 15025. The bias
members 1530 may be configured to enable the guide blocks
1516a, 15160 and drive posts 1528a, 15285 and/or housings
1508a, 1508b to slide axially relative to the pads 15064,
1506b. The respective bias members 1530 may be connected
to the respective guide block/drive post and sensors, the
respective guide block/drive post and housings, or any
combination thereol. According to one implementation,
cach device 1502a, 15026 may include at least one bias
member 1530 associated with one end of the pads 1506aq,
15065, for example via the respective linear guides 15124,
1512b. For instance, each device 1502a, 15025 may include

one bias member 1530 disposed on opposite ends of the
guide block 1516a, 151656 and drive post 1528a, 15285b. That
1s, the first device 15024 may include a bias member 1530
associated with the end of the pad 1506a proximal to the
axial direction, while the second device 15025 may include
a bias member 1530 associated with an end of the pad 150656
distal to the axial direction Z, or vice versa. However, it 1s
contemplated that the respective bias members 1530 may
also be disposed on the same side of the pads 1506a, 15065
(e.g., both arranged on an end distal or proximal to the axial
direction A). Pursuant to an example, the first and second
device 1502a, 15025 may include inversely correlated clear-
ances X, X on opposite ends of the respective linear guide
1512a, 151254. For instance, before advancement or 1nitia-
tion of the drive mechanism 13522q, 15225, the drive post
1528a and/or housing 1508a of the first device 1502a may
be 1n a distal position and therefore have a proximal clear-
ance X. On the other hand, the drive post 15285 and/or
housing 15086 of the second device 15026 may be 1n a
proximal position and therefore have a distal clearance X.
Consequently, converse sensors A and C or B and D of first
and second devices 15024, 15025, respectively, may detect
the force of the respective bias member 1530 depending on
the placement of said bias members 1530 within the device
1502a, 150256. The biasing force of the bias member 1530
may be less than the driving force of the drive mechanism
1522a, 152256. On the other hand, the biasing force may be
greater than the resisting force of friction between the pads
1506a, 15065 and the clongate member 1504.

According to another example, each sensor A, B, C, and
D may be associated with a bias member 1530. The bias
members 1530 may be configured to center the linear guide
1512a, 15125 with respect to the housing 1508a, 15085, or
vice versa, when the respective device 1502a, 15025 1s
iactive. Therefore, the respective linear guides 1512a,

15125 may include an equidistant axial clearance X between
the distal end 15184, 15185 and sensors B, C, and between

the proximal end 1520a, 15206 and sensors A, D.

During normal driving conditions, the drive mechanism
1522a, 1522b may be configured to alternate driving each
respective device 1502q, 15025 such that one device 1s
actively advancing the elongate member 1504 and the other
1s passively translating along with the elongate member
1504. Additionally or alternatively, the drive mechanism
1522a, 15225 may designate either the first or second device
1502a, 15026 as the active device and the other as the
passive device. This may be done by monitoring the mnitial
force on both devices and designating the device with the
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higher force as the active device and designating the device
with the lower force as the passive device. During insertion
or retraction, a driving motion or force 1s provided by the
guide block 15164 and/or 15166 and drive post 1528a
and/or 152854, via the drive mechanism 15224 and/or 15225,
as the guide block 1516a and/or 15165 and drive post 1528a
and/or 1528b abuts or otherwise communicates with the
sensors A, B, C, D and housing 1508a, 15085b.

According to one implementation, the bias member 1530
may exert a force to displace the guide block 15164, 15165
and drive post 1528a, 15286 to the distal position or
proximal position to provide a clearance X on the opposite
end thereof. For example, as illustrated 1n FIG. 52, the first
device 15024 may include a bias member 1530 on the
proximal end 1520q thereby displacing the guide block
1516a and drive post 1528a distally creating clearance X.
The second device 15025 may include a bias member 1530
on the distal end 152056 thereby displacing the guide block
15165 and drive post 15285 proximally creating clearance
X. However, a skilled artisan would understand that the
placement of the bias member 1530 1s discretionary, and the
same principles apply with no bias member or with bias
members 13530 1n alternative positions. As just one example,
the bias member 1530 i the first device 1502a may be
arranged between the housing 1508a, guide block 135164,
and drive post 1528a distally relative to the axial direction
7., thereby axially moving the housing 15084 proximally and
creating a proximal clearance X. It there are no bias mem-
bers, a skilled artisan would understand that the standard
tolerances during build and assembly of the parts will ensure
that one device will take more of the load. Therefore, the
passive device does not imply that the device 1s totally
passive and 1s applying no load during advancement of the
clongate member. Instead, the term passive device 1s used to
refer to the device that has the lower force.

The respective sensors A, B, C, D may be configured to
detect or measure various types of data. For instance, the
sensors may be configured to detect data including a load or
an advancement force F ;- (e.g., msertion force or retrac-
tion force) exerted via the drive post 1528a, 15285, the
housing 1508a, 150856, and/or pads 15064, 150656. That 1s,
the sensors A, B, C and/or D may be operable to detect an
increase of force on the pads 1506a, 150656 and thereby
detect slippage of the elongate member 1504 relative to the
pad 1506a, 15066. Additionally, data may include a bias
force exerted via the bias member F,, .. Additionally or
alternatively, the sensors A, B, C, D may be configured to
detect or measure the displacement of the guide block
15164, 15165 and drive post 1528a, 15285 relative to the
respective housings 1508a, 15085. For instance, the sensors
B, C may be configured to measure a displacement AX of the
distal end 1518a, 15185, and the sensors A, D may be
configured to measure a displacement AY of the proximal
end 1520q, 152056. The sensors A, B, C and D may com-
municate the data to the workstation, for example, to detect
slip and/or determine the likelithood of slip 1n response to the
data received.

According to one example, the elongate member 1504
may be advanced through the active driving of the second
device 150256 and the passive translation of the first device
15024, or vice versa. That 1s, the second device 15026 may
advance the elongate member 1504 via friction between the
pad 15060 and the elongate member 1504. On the other
hand, the first device 1502a may passively translate with the
clongate member 1504 via friction between the elongate
member 1504 and respective pad 1506a of the first device
1502a. As such, the second device 150256 may be operable
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to advance the elongate member 1504, while the first device
1502a may be operable to detect slippage of the elongate
member 1504. A skilled artisan will appreciate, in light of
this disclosure, that the exemplary description 1s not limited
to the described implementations. Rather, the disclosure
encompasses modifications or varnations of the disclosed
examples. For instance, while the disclosure describes a
distal clearance X 1n the active drive device 15025, a skilled
artisan will appreciate that this arrangement may be adjusted
and within the guidance of the disclosure.

During operation in direction 7, the axial force of inser-
tion may be provided by the first device 1502a via the drive
mechanism 1522a. As illustrated in FIGS. 52 and 53, the
second device 15025 (e.g. passive) may include a clearance
X at the distal end 15185 during advancement 1n direction Z
in normal condition. The clearance X of the second device
15026 may be mmtiated via a bias member 1530, for
example. The second device 150256 may passively advance
in direction 7 with the clongate member 1504 keeping
clearance X during normal condition.

Accordingly, the measured data, e.g., total force (F ),
during exemplary operational normal conditions may
include: sensor A (F ,) showing torce of approximately zero
(F=~0), sensor D (F,) may show a force equal to force of
bias member (Fx;,<); sensor B (F;) may show a force of
advancement (F ,,;-) plus the force of bias member 1530
(F=F 5, <), and second sensor C (F ~) of second device 15025
approximately zero force (F=~0)). That 1s, the measured
parameters include: F ,=0; F=F., o; F=—0; F;=F , 5+
F .. ... Additionally or alternatively, the data may take into
account the proximity of the respective clearance X, X via
the distance between the sensors and the associated ends of
the linear guides 1512. For instance, during normal advance-
ment conditions the clearance X between sensor A and
proximal end 1520a of the first device 1502a may corre-
spond to the clearance X between sensor C and distal end
15185 of the second device 15025.

If, however, slippage occurs, the reaction force of elon-
gate member 1504 may be in the direction opposite the
advancement direction Z. The pad 15065 of the passive
second device 150256 1n this example may correspondingly
move 1n a direction opposite direction Z with the elongate
member 1504, e.g., the housing 15085 and guide block
15165 and pad 15065 may slide axially relative to the drive
mechanism 1522b6. Consequently, the clearance X between
distal end 15185 and sensor C decreases, and sensor C may
register a force and/or a change in displacement AX of the
distal end 15185b. The detection of force or change 1n AX by
the sensor C of the second device 15025 may indicate slip
conditions. Additionally or alternatively, if the drive mecha-
nism was moving the wire 1n the opposite direction, opposite
direction Z, the clearance X in the first device 1502a may
decrease as the guide block 15164 and pad 15064 translate
towards the proximal position 1520a, which may likewise
indicate slip conditions. According to one implementation,
the change of displacement AX and AY between the normal
and slip conditions, e.g., the difference of the clearance X,
may be taken into account to estimate the actual position of
the elongate member 1504.

In response to detecting slip conditions, measures may be
taken to warn the operator, mitigate the slip hazard, and/or
account for the slip to correct the slip condition and, 1n some
circumstances, continue driving the elongate member 1504,
as will be discussed below. Once the 1mitial slip occurrence
1s detected, therefore, the first device 1502a (e.g., passive
device pursuant to the above example) may drive the elon-
gate member 1504 1n conjunction with the second device
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15025. Accordingly, the system 1500 may achieve more
advancing force than if the system 1500 were to stop or
freeze after the initial slip detection/occurrence.

FIGS. 54 and 55 1llustrate a system 1600 for detecting and
correcting slip of a device relative to an elongate member.
The system 1600 may be associated with catheter assembly
1500 discussed above, but a 2-dimension representation 1s
shown to simplily the explanation of the functionality of the
slip mechanmism. That 1s, the system 1600 may represent the
functionality behind actions of the robotic catheter assembly
1500. Additionally or alternatively, the system 1600 may be
utilized separate from the components of the catheter assem-
bly 1500.

Retferring to FIGS. 54 and 55, the system 1600 may
include a computing device having a processor 1602 having
a memory 1602a 1n communication with a catheter assembly
or drive apparatus 1606 (hereinafter referred to as a catheter
assembly 1606). The processor 1602 may be separate from,
or included with, at least one of the workstation, electronics
rack and/or bedside electronics box. The processor 1602
may include modules (not shown) representing the function-
ality relating to processing sensor inputs and rendering
commands or outputs to the catheter assembly to mitigate,
correct, and avoid hazardous slip conditions. The processor
1602 may be configured to interact with and update the
memory 1602a in response to inputs received from the
catheter assembly 1606 (e.g., via sensors) and/or inputs
received from the user interface (e.g., via manual mputs
from the operator).

The components of the catheter assembly 1606 are 1llus-
trated schematically 1n FIGS. 54 and 535, for purposes of
illustrating certain embodiments of the system 1600.
According to one example, the catheter assembly 1606 may
include an elongate member 1608 disposed between a {first
device 1610 and a second device 1612 configured to move
in an axial direction relative to the elongate member 1608.
The first device 1610 may include a first pad or surface 1614
engaging the elongate member 1608 and the second device
1612 may include a second pad or surface 1616 engaging the
clongate member 1608. According to this implementation, a
force sensor, load cell or other mechanism to detect a force
1s associated with each side of the respective pads 1616,
1614. As such, the assembly 1606 may include sensors A, B,
C, and D similar to A, B, C, and D shown earlier. The first
device 1610 and second device 1612 may be fixed to a
housing 1618, 1620. As a result of tolerances associated with
coupling the sensors between respective pads 1616, 1614
and the first and second device 1610, 1612, the first pad 1614
and associated sensors may not measure a force equal to the
second pad 1616 and associated sensors. In one embodi-
ment, the pad with the smallest clearance between the pad,
sensor and housing may become the driving pad, and the
other pad may measure a lower force relative to the driving
pad. The force sensor associated with the other, non-driving
pad may not measure the entire force of the elongate
member 1608. Rather, the non-driving pad moves forward
due to iriction between the pads and the elongate member.
Assuming device 1612 has the smallest clearance X, the
catheter assembly 1606 may translate the elongate member
1608 during normal operation 1n a direction of 1insertion I via
actively driving device 1612 and 1610 and the pad 1616
associated with device 1612, whereas the opposite pad 1614
(associated with device 1610) passively translates in the
isertion direction I via friction between the pad 1616, 1614
and elongate member 1608.

Further, each device 1612, 1610 may include a bias
member 1622, 1624 arranged on an opposite end of the pad
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1616, 1614 relative to each other (e.g., the first device 1610
may include a distal bias member 1624 relative to the
direction of insertion I, whereas the second device 1612 may
include a proximal bias member 1622). According to one
example, the bias members 1622 and/or 1624 may be a
variable force bias member, for example the biasing force
F..,.0f each biasing member 1622, 1624 may be adjustable.
The respective bias members 1622, 1624 may be coupled to
an end of the pad 1616, 1614 and an associated housing of
the device 1612, 1610. Additionally or alternatively, the bias
members 1622, 1624 may be coupled to the sensor A, B, C,
D and the pad 1616, 1614. Before insertion, bias member
1622 may push second pad 1616 proximally leaving a distal
clearance X, and bias member 1624 may push first pad 1614
distally leaving a proximal clearance Y. Consequently,
before 1nsertion, sensors A and C may measure an equal and
opposite force F of the bias member F, ., while sensors B
and D may show little or no force, e.g., F =F,,, F5=0;
F=Fprass Fp=0.

According to one example as illustrated in FIG. 54, when
driving the elongate member 1608 1n the insertion direction
I betfore slip occurs, the first pad 1614 1s actively driving the
clongate member 1608 while the second pad 1616 passively
moves 1n the insertion direction I due to friction. During
isertion, sensor C may be providing (or detecting) the
insertion force F,..-»- (€.2., causing a force reading), and
sensor A may still detect F,,,., while sensors B and D
measure little or no force. Accordingly, for instance during
insertion without slip, F;=0; F ,=F 5, . ; F —=F verp+F 57,6
F ,=0. According to one example, F,, . may be greater than
the friction 1n the liner gmde supporting the pad 1614 and
1616 to ensure the pads are located 1n contact with sensor C
and A, respectively. However, F ., . may be less than the
isertion force under normal use or operation to ensure
movement of pad 1614 11 slippage occurs. According to one
example, the distal clearance X 1s greater than the elasticity
of the mechanism under the insertion forces experienced
such that sensor B does not come 1n contact with pad 1616
during non-slip msertion. That 1s to say, during insertion
without slippage, the second pad 1616 substantially main-
tains the clearance X.

The elongate member 1608 exerts a reaction force F . , -
back to the pad 1614, opposite the direction of msertion I.
Accordingly, while the second pad 1616 1s moving with the
clongate member 1608 in direction I, Fy., - from the
clongate member 1608 resists the first pad 1614 in the
direction opposite msertion I. If the elongate member 1608
slips, the second pad 1616 may follow the elongate member
1608 1n a direction opposite msertion I due to the slip and
sensor B may see an increase 1n force. For example, the
aggregate force mncludes: F ~F,xcrn+F5, o, F ,=0; F=0;

Vet vser—Ysr4s:

After the mitial slip 1s detected, the system 1600 may
autonomously detect and counter or mitigate the slippage of
the elongate member 1608 relative to the pad 1616 and/or
1614 1 order to continue insertion after slip 1s detected.
Additionally or alternatively, the system 1600 via the con-
troller 1602 may output an alert to warn the user that slip has
been detected and/or mitigated. Further, the controller 1602
may freeze out or stop 1nsertion 11 the detected slip 1s greater
than a tolerance or threshold amount (e.g., the clearance Y
of sensor D and/or X of sensor B has entirely bottomed out).

According to one example, the mitigation after slip detec-
tion may mvolve pad 1614 and 1616 opening to release the
clongate member 1608 and then immediately closing again.
This may reset the slip detection mechamism and potentially
allow motion to continue.
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According to one example, the drive system may be
designed with the capability to increase the clamp force of
the pads on the elongate member. When slip 1s detected, the
slip detection mechanism may be reset as explained above
and the clamp force may be increased on the pads and then
insertion of the elongate member may continue

According to another example, when slip 1s detected, the
slip detection mechanism may be reset as explained above
and then the speed of 1nsertion may be reduced potentially
reducing the likelihood of further slip and then insertion of
the elongate member may continue

According to a further example, the bias force F ., may
be increased once the point of slip has been detected. As
described earlier, the F,, . should be less than F,, ¢ OF
F. ,» to ensure movement of the passive pad when slip
occurs. Therefore, F,,,. will usually start out with a low
force until a point of slip i1s detected. Once the F,,» 1s
known, F,,,. may be increased using variable force bias
member, for example an adjustable spring force (not shown).
This allows the slip detection mechanism to be reset and
motion to continue. Accordingly, the adjusted biasing force
F.,,. may establish a new threshold from which slip 1s
detected.

According to one implementation, the processor 1602
may be configured to execute instructions, e.g., as stored on
the memory 16024, to estimate slip force, determine various
slip conditions representing the likelihood that slippage will
occur, and/or control the catheter assembly 1606 during slip
conditions. The processor 1602 may use similarities and
symmetries inherent mn the sensors A, B, C, and D to
determine slippage, mitigate the 1ssue and 1nstruct the opera-
tor accordingly.

Per the system 1600 discussed above, since sensor C may
directly measure the force applied to the elongate member
1608 by the driving of pad 1614, the force at the moment
that slip 1s detected becomes a measured or estimated force
of slip (e.g., Fo; ,»~F~ at moment of slip) for pad 1614 on the
member 1608. That 1s to say, at the time of slip, if sensor C
reads 2N of force, F.;,»=2N, and the processor 1602 may
assign a slip tolerance accordingly. As such, using both pads
1616, 1614 to drive the elongate member 1608 should be
able to achieve approximately 4N of force without slip, as
both first and second pads 1616, 1614 include similar
characteristics. The processor 1602 may likewise associate a
slip threshold with F ., -, for example 2F ., ,», representing a
maximum detected measurement until a high probability of
slippage 1s determined, assuming a uniform Iriction force
along the entire length of the elongate member and the pad.
Additionally, the system 1600 may use more than one data
set to determine the appropriate force vaniables, thereby
adding to the accuracy of estimating the slip. For instance,
the processor 1602 via the sensors A, B, C, D may measure
cach time 1mitial slip occurs and average or filter the values.
According to some implementations, the values may vary
depending on the eclongate member 1608. As such, the
system 1600 includes the ability to continue driving the
clongate member 1608 after the inmitial ship 1s detected,
thereby allowing the system 1600 to achieve more 1nsertion
force (and elongate member 1608 displacement) than if the
system 1600 were to stop or freeze upon the initial slip
occurrence.

According to this example, the processor 1602 may be
configured to detect slip conditions representing a likelihood
of slip at the moment in response to the relationship between
the total drive force F - relative to the slip tolerance F; ,»
and the slip threshold 2F,,,. For istance, using F. .,
measured via the sum of forces measured at sensors C and
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B (F -~ and F,, respectively), the processor 1602 may deter-
mine a slip probability or likelihood based on mputs
received from the sensors A, B, C, and/or D. Accordingly,
the processor 1602 may be operable to control the catheter
assembly 1606 following the mmtial slip detection (e.g.,
continue driving the elongate member 1608 after the mitial
slip occurrence) 1n a few exemplary situations:

In a first condition (*“*Condition I"’), the processor 1602
may determine slip 1s improbable. According to one exem-
plary approach, Condition I may be present when the
equation F ., =F +F o<F; ,» 15 true. In this mstance, slip 1s
improbable and may not occur. F, may show little force,
e.g., Fn,, o, but in certain transition periods force measure-
ments may slightly spike. The processor 1602 may be
configured to detect and ultimately 1gnore such force spikes,
for example by including a determined force measurement
tolerance. In response to detecting forces satisiying the
algorithm of Condition I, the processor 1602 may determine
Condition I applies and continue driving the elongate mem-
ber 1608.

In a second condition (“Condition II””), the processor 1602
may determine slip 1s unlikely. According to one example,
Condition II may be determined when the equation
Fo »<F,<2F; 5, 1s true. More specifically, both first and
second pads 1616, 1614 may be pushing on the elongate
member 1608 at less force than the slip threshold, e.g.,
2F o, .». However, the processor 1602 may trigger Condition
[T as slip 1s still possible especially as F ., - 1ncreases towards
the threshold 2F ., ;». That 1s, the closer F.,~1s to 2F ., .-, the
more likely slippage will occur. In Condition 11, the catheter
assembly 1606 should be able to drive the elongate member
1608 without slippage of pads 1614 or 1616. However, as
F..,, increases towards 2F;,., the processor 1602 may
output an alert or warning message to the user interface or
an 1ndication could be shown that there 1s a potential for slip,
but driving the elongate member 1608 may still continue.
Additionally or alternatively, when F ., approaches the
threshold, e.g., 2F ., ,» 1n this example, the processor 1602
may freeze or stop the catheter assembly 1606 altogether.

In a third condition (“Condition III"””), the processor 1602
may determine slip 1s likely, and driving the elongate
member 1608 should be stalled, halted, or otherwise stopped
as slip 1s likely to occur. In one exemplary illustration,
Condition III may be present when the equation
F ,=22F,» (and consequently F,,>F.;,;»), 1s true. In
response to detecting Condition III, suspension or freezing
clongate member 1608 driving may be warranted unless
clongate member 1608 slip does not pose a safety hazard.
Accordingly, the probability of slippage may be determined
based on whether or not the F,, falls within a predeter-
mined reference point (e.g., Condition I, II, or III). In this
scenario, Condition III, constant friction 1s assumed. How-
ever, 1 some 1nstances, Iriction may be varniable, for
example, when the wire contains wet sections.

Additionally or alternatively, the processor may be con-
figured to generate a slip score, which indicates the prob-
ability or likelihood that slip will occur i a progressive
manner (e.g., on a scale of 0 to 1, with O representing
unlikely slip and 1 representing highly likely slip, for
example). The processor 1602 may receive input from the
sensors A, B, C, and/or D representing force data, and
determine the total driving force in response to the sensor
input, for example via aggregating the detected force, taking
the product, summation, average, non-linear algorithms such
as fuzzy logic, etc. The processor 1602 may be configured
to generate a slip score 1n response to the determined total
driving force, and 1n reference to defined reference points
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which may be stored and/or programmed into the memory
1604 (c.g., slip threshold, slip tolerance, a baseline or
predetermined value associated with normal/typical driving,
conditions, etc.). The processor 1602 may combine or oth-
erwise analyze the sensor inputs received and compare the
data with a reference point to generate a slip condition. The
higher the generated slip score, for example, the more likely
slip 1s to occur. Additionally or alternatively, the processor
1602 may be configured to associate the slip score to slip
conditions I, II, or III, and control the catheter assembly
1606 in a corresponding way. The processor 1602 may
likewise be configured to associate the slip score with an
output command to mitigate any hazardous slip 1ssue. For
instance, a slip score of X may be associated with continued
insertion, a slip score of Y may be associated with a warning
output to the user iterface, and a slip score of Z may be
associated with freezing the catheter assembly 1606.

In response to detecting a possible slip condition, a
warning or alert may be output to the workstation. For
instance, a simple warning, for example, may be presented
as a status message on the display or acoustically. Graphical
indicators such as those overlaying a fluoroscopic image of
the elongate member 1608 may blink, change colors, or
otherwise draw attention to the fact that slip 1s detected
and/or likely. Each detected condition may likewise include
a separate indicator, e.g., green, yvellow and red flashing
indicators for Conditions I, II, and III, respectively. Simi-

larly, haptic cues, such as vibrating the controller, may
likewise be utilized.

The direction of advancement of the elongate member
1608 may also impact how the system 1600 may react to
slip. For example, 11 the elongate member 1608 1s being
retracted from the patient, there may be fewer safety risks
involved and hence the system may allow motion to con-
tinue. On the other hand, 11 the system 1600 1s being used for
insertion, then there may be more safety risks and, and
accordingly a more cautious approach may be chosen by the
system 1600, as described above.

Additionally or alternatively, the processor 1602 may be
configured to compare electrical current profiles associated
with the respective force sensors to detect slip and/or
determining whether the differences between measured
applied forces deviate or exceed a predetermined tolerance.

For instance, the system 1600 may be configured to detect
slippage based on the known correlation between sensors A
and D. That 1s, the processor 1602 may be configured to
recognize the symmetries, correlation or proportionality
between corresponding sensors A, B, C, D. According to one
implementation, for two sensors on the same side of the first
and second pad 1614, 1616 (¢.g., sensors A and D), the sum
of the measured values may equal the total insertion force
Fvernr(€.2., F +F=F ;errn). IT the first and second pads
1614, 1616 arc engaged with the elongate member 1608
without slipping, the motions of the pads 1614, 1616 and
clongate member 1608 may result 1n similar changes 1n
measured force for both sensors Aand D (F , and F ). Stated
alternatively, the difference between the forces of sensors A
and D, IF —F,l, may result in relatively stable readings
during normal operation (e.g., without slip). As illustrated 1n
FIG. 56A, the stable section 1626 of the graph may indicate
conditions without slip. It the difference between F , and F,
includes a change above a predefined tolerance, for example
section 1628, this change 1n force difference may indicate
slip. Comparing the correlation of |F -F,l may be used
additionally or alternatively to the equations for determining
Conditions I, II, and III. This lack of correlation between the
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two forces, e.g., F, and F,, may be detected via various
techniques, including using a threshold, filtering, or other
numerical technique.

Additionally or alternatively, the system 1600 may be
configured with pattern recognition functionality and there-
fore detect and analyze electrical current profile patterns of
various sensors A, B, C, and/or D. For instance, the proces-
sor 1602 may be configured to detect anomalies or other
abnormalities that may be eflecting the sensors A, B, C and
D, and therefore provide a check for the catheter assembly
1606 components. In the exemplary system 1600, with the
use of four sensors A, B, C, D, at any given time, two sensors
should be seeing similar or correlated force patterns due to
symmetry of the system 1600. For instance, before slip
occurs, sensors A and B may measure opposite force pat-
terns, as with sensors C and D. As 1llustrated in FIG. 56B,
however, when slip has occurred, sensors A and D may
measure similar patterns. Corresponding to the increase of
F,, F~ may decrease in a symmetrical way. With these
predetermined tolerances stored in the memory 1604, for
instance, the processor 1602 may detect anomalies in sensor
data and therefore pinpoint sensors not behaving as
expected, which may ultimately lead to larger system or
mechanical 1ssues. In other words, analyzing the expected
force patterns (e.g., electrical current profile, force measure-

ment readings, etc.) for each sensor in comparison to each
other and checking for anomalies that could ensure the
sensors A, B, C, D and pads 1614, 1616 arc working
properly. Additionally or alternatively, utilizing force pattern
detection and/or subtraction of forces ifrom sensors on the
same pad (e.g., A-B or C-D) allows the system 1600 to
account for noise, temperature drift, hysteresis, etc. of the
sensors. Similarly, signal filtering may be employed to
enhance the force pattern detection and recognition.

FIGS. 57 and 58 illustrate an alternative embodiment of
a slip detection system including a force gauge, linear
encoder, or linear potentiometer for measuring a slip con-
dition of an elongate member. As shown 1 FIGS. 27 and 28,
a dynamic gripper 1700 may include a gripper arm 1702
configured to move in the axial direction and rotational
direction. The pair of opposing pads 1704a, 17045H, referred
to hereinalter as dynamic pads, may be fixed to the gripper
arm 1702. As explained above, the dynamic pads 1704a,
17045 may be configured to engage the elongate member to
enable the dynamic gripper 1700 to grip the elongate mem-
ber. The dynamic gripper 1700 may also include a pair of
passive pads 1706a, 170656 also configured to engage the
clongate member when the dynamic gripper 1700 grips the
clongate member. The passive pads 1706a, 170656 may be
slidably connected to the gripper arm 1702 via a linear
bearing 1708, such as a sleeve bearing carriage or a plastic
carriage. This may allow the passive pads 1706a, 17065 to
be able to engage the elongate member at substantially the
same time as the dynamic pads 1704a, 17045 and to rotate
with the dynamic pads 1704a, 17045, yet move 1n the axial
direction along the gripper arm 1702 independent of the
dynamic pads 1704a, 17045 and the gnpper arm 1702. The
dynamic pads 1704a, 1704b and the passive pads 17064,
17060 may each have a defined range of motion, for
example a maximum distance they can travel in the axial
direction, where the range of motion of the dynamic pads
1704a, 17045 1s the same as that of the dynamic gripper

1700 described above.

While FIGS. 57 and 38 depict the passive pads 1706aq,
17065 as being positioned behind the dynamic pads 17044,
1704b relative to the direction of axial movement during
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insertion, 1t should be appreciated that the passive pads
1706a, 17065 alternatively may be positioned in front of the
dynamic pads 1704a, 17045b.

In some embodiments, the dynamic gripper 1700 may
further include a measurement device 1710 configured to
measure the distance traveled in the axial direction by the
passive pads 1706a, 17065. The measurement device 1710
may be, but 1s not limited to, a force gauge, as explained in
more detail below, a linear encoder, or a linear potentiom-
cter. Because the passive pads 1706a, 170656 move 1n the
axial direction independently of the dynamic pads 1704a,
17045 and the gripper arm 1702 as explained above, the
measured distance may or may not be the same as the
distance the gripper arm 1702 may be commanded to move
(1.e., the commanded distance). If the measured distance 1s
less than the commanded distance, this indicates that the
dynamic pads 1704a, 17046 may not be properly engaged
with the elongate member and as such, that there may be
slip. In such an event, the drive apparatus may be configured
to generate an alarm or other alert signal to notily an
operator of the system of the slippage. The operator may
then stop the movement of the dynamic gripper 1700 such
that the operator may re-grip the elongate member, and/or
open the belts and dry the mechanism. The alarm may
alternatively be generated by a computer (not shown) of the
system 1n communication with the drive apparatus. Alter-
natively or in addition to the generating of the alarm, the
drive apparatus may automatically stop the movement in the
axial direction and/or mechanically compensate for the
slippage, for example, by automatically increasing the grip
force of the dynamic gripper 1700 on the elongate member
such that no user input may be required.

In one embodiment, as shown in FIG. 57, a spring 1712
may be operatively attached to the passive pads 1706aq,
17065 or to the linear bearing 1708. The spring 1712 may be
fixed at least one end. The spring 1712 generally may be
configured to enable the passive pads 1706a, 17065 to move
in the axial direction with the elongate member when the
dynamic gripper 1700 1s gripping the elongate member and
the gripper arm 1702 1s moving 1n the axial direction, and to
return the passive pads 1706a, 17065 to an original axial
position when the dynamic gripper 1700 releases the elon-
gate member. To achieve this, the spring constant of the
spring 1712 should be low enough to not hinder the axial
movement of the elongate member, yet have enough stifl-
ness to return the passive pads 1706a, 17066 to center
against the sources of friction 1n the system. Furthermore,
the range of motion of the passive pads 1706a, 17065 may
be approximately twice the range of motion of the dynamic
pads 1704a, 17045.

Where the measurement device 1710 1s a force gauge, as
mentioned above, 1t may be attached to a fixed end of the
spring 1712. The force gauge may be configured to measure
an applied force on the spring 1712 when the passive pads
1706a, 17066 are moving axially with the elongate member.
The measured force may then be used to calculate the axial
distance traveled by the passive pads 1706a, 17065 by a
processor (not shown). The processor may be part of the
drive apparatus or may be a computer 1n communication
with the drive apparatus and/or the measurement device
1710.

In an alternative embodiment, as shown 1n FIG. 58, a
motor 1714, such as a servo motor, may be operatively
attached to the passive pads 1706a, 17065 or to the linear
bearing 1708 1n licu of the spring 1712. The motor 1714 may
be attached to the passive pads 1706a, 17065 via any device
configured to translate the rotational movement provided by
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the motor 1714 into linear movement, such as a rack and
pinion. The motor 1714 may be configured to enable the
passive pads 1706a, 17065 to move 1n the axial direction
with the eclongate member when the motor 1714 1s not
activated, and to return the passive pads 1706a, 17065 to an
original axial position when the dynamic grnipper 1700
releases the elongate member and the motor 1714 1s acti-
vated. To achieve this, the motor 1714 generally may have
low gearing attached to the axis. In this approach, the
dynamic pads 1704a, 1704b and the passive pads 17064,
17060 may have approximately the same range of motion.

In some embodiments, the passive pads 1706a, 17065
may be instrumented with a load cell configured to measure
the force on the insertion axis. Then, the passive pads 1706a,
17066 may be served to mirror the movement of the
dynamic pads 1704aq, 1704b to save range ol motion. A
control loop may be wrapped around the load cell, a motor
operatively connected to the dynamic pads 1704a, 17045,
and a rotary encoder mounted on the motor. The motor could
be small and highly geared, and the rotary encoder may be
configured to take position measurements. This approach
may allow for flexibility 1n the control of the dynamic pads
1704a, 1704b as they may essentially “tloat” similar to
haptic devices that remove the eflect of friction, thereby
enabling the dynamic pads 1704a, 17045 to follow the wire
motion easily. Furthermore, the passive pads 1706a, 17065
may be floating in front of or behind the dynamic pads
1704a, 17045. When the dynamic pads 1704a, 17045 and
the passive pads 1706a, 17065 engage the elongate member,
the dynamic pads may be driven by the motor and the only
force on the passive pads may be the motion of the elongate
member.

Referring now to FIG. 39, a method 1720 for detecting
slip of a grip on the elongate member by the dynamic gripper
1700 1s shown. Method 1720 begins at block 1725 1n which
the pair of dynamic pads 1704a, 17046 and the pair of
passive pads 1706a, 17060 engage the elongate member
such that the dynamic gripper 1700 grips the elongate
member. At block 1730, the gripper arm 1702 1s commanded
to move a commanded distance in the axial direction.
Because the dynamic pads 1704a, 17045 are attached to the
gripper arm 1702, as explained above, and are engaged with
the elongate member, the elongate member moves in the
axial direction with the gripper arm 1702. Furthermore,
because the passive pads 1706a, 17065 arc also engaged
with the elongate member, the passive pads 1706a, 17065
also move 1n the axial direction with the elongate member.
At block 1735, the measurement device 1710 determines a
measured distance of the passive pads 17064, 17065 1n the
axial direction. As explained above, the measurement device
1710 may include, but 1s not limited to, any one of or
combination of a force gauge, a linear encoder, and a linear
potentiometer. At block 1740, the measured distance 1s
compared with the commanded distance. At block 1745, slip
between the dynamic pads 1704a, 17045 and the elongate
member 1s detected 11 the measured distance 1s less than the
commanded distance. Method 1720 may end after block
1745.

However, after detecting slip, method 1720 further may
include generating an alarm or other alert signal to notity the
operator of the system of the slip condition. As explained
above, the operator may then stop the movement of the drive
apparatus such that the operator may realign the elongate
member, and/or open the belts and dry the mechanism. In
addition to or in lieu of the generating of the alarm, method
1720 may include automatically stopping the movement 1n
the axial direction and/or mechanically compensating for the
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slippage, for example, by automatically increasing the grip
force such that no user imnput may be required.

Prior to ending, method 1720 may also include releasing
the grip by the dynamic pads 1704a, 17045 and the passive
pads 1706a, 17065. This may first require a static gripper, as
described above, to grip the elongate member such that the
position of the elongate member 1s not compromised. This
may be necessary if the dynamic gripper 1700 has reached
the end of its range of motion, but has not yet traveled the
entire commanded distance. While the static gripper 1is
gripping the elongate member, the dynamic gripper 1700,
and therefore the dynamic pads 1704a, 17045, may be reset
to the start of its range of motion. In addition, the passive
pads 1706a, 17065 likewise may automatically return to
their original axial position. As explained above, this may be
accomplished by the spring 1712, the motor 1714, or any
other similar device or apparatus.

FIG. 60 illustrates an alternative embodiment of a slip
detection system including one or more strain gauges for
detecting and managing a slip condition. The slip detection
system described below may be employed with any pad/
gripper active drive mechamsm described above. For
example, clamp 1800 may be incorporated into a dynamic
gripper, as described above. Accordingly, a dynamic gripper
may include clamp 1800, which generally interfaces directly
with the elongate member and facilitates gripping of the
clongate member. Alternatively, a gripper may comprise
clamp 1800, and may include one or more segments flexibly
coupled together and interposed by strain gauges. Dynamic
gripper 1802 may comprise a clamp 1800 having a pair of
opposing pads 1804a, 18045, respectively.

As shown 1n FIG. 60, clamp 1800 may comprise a first set
of clamp segments 1806a, 18084, 1810a opposing a second
set of clamp segments 180656, 1808bH, 18105, respectively.
Each set of clamp segments may be configured for axial
motion, for example in the direction of the arrow shown in
FIG. 60, with respect to the other set of clamp segments.

Pads 1804a and 18045 may each comprise a plurality of
first pad segments 1812a, 1814a, 1816a and second pad
segments 18125, 1814H, 18165H, respectively. Each pad
1804a, 18045 may have any number of segments, for
example two, three (as shown), or more. Each of the pad
segments may be configured to move axially with respect to
the other pad segments included in the same set. For
example, a pad segment may move axially with respect to an
adjacent pad segment in response to different friction con-
ditions between the different pad segments with respect to an
clongate member such as a catheter.

First clamp segments 1806a, 1808a, 1810a and second
clamp segments 18065, 18085, 181056 may each be inter-
posed by first strain gauges 1818a, 18185 and second strain
gauges 1820a, 18205, respectively, that are each configured
to provide a strain signal. The first strain gauges 1818a,
18185 and second strain gauges 1820a, 18205 may alterna-
tively be interposed between first pad segments 1812a,
1814a, 1816a and second pad segments 18125, 18145b,
18165, respectively. Although the first strain gauges 18184,
18185 may be separated from the pad segments 1812, 1814,
1816, mounting first stain gauges 1818a, 18185 between the
clamp segments 1806, 1808, 1810 may allow for more
precise measurement of relative movement between the pad
segments 1812, 1814, 1816.

Further, 1n some embodiments, the pad segments 1812,
1814, 1816 may be removable from the clamp segments
1806, 1808, 1810, and/or may be incorporated into a sterile
barrier (e.g. sterile drape) allowing the clamp segments
1806, 1808, 1810 to remain outside a sterile environment
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and potentially reducing costs. For example, a drive system
as described above, may be positioned under a sterile drape,
such that the drive system remains outside of the sterile field.
In some embodiments, pad segments 1812, 1814, 1816 may
be positioned 1n the sterile field on the clamp segments 1806,
1808, 1810 covered by the sterile drape, such that the sterile
drape provides an interface between the pads and clamps. In
some embodiments, pad segments 1812, 1814, 1816 and
clamp segments 1806, 1808, 1810 may be positioned in the
sterile field, such that the pad segments and clamp segments
are replaced after each use. Further, the elongate member
may be positioned within the sterile field and not covered by
the sterile drape, such that the sterile drape 1s positioned on
the drive system 1n a configuration that allows unrestricted
movement of the elongate member. Moreover, the sterile
drape may be positioned between the pad segments 1812,
1814, 1816 and any other portion of the drive system (e.g.,
sensors and clamp segments 1806, 1808, 1810), for
example, to msulate the sterile field from any non-sterile
portions of drive system. In addition, any portions of drive
system (e.g., the sterile drape and pad segments 1812, 1814,
1816) may include a sterilizable or disposable material, may
be packaged 1n a substantially sterile condition, and/or may
be configured for single patient use. Adjacent clamp and pad
segments may each be mterposed by a gap to help 1solate
cach strain signal. Axial motion between adjacent clamp and
pad segments may be measured by the interposed strain
gauge to determine 11 the elongate member 1822 1s slipping
with respect to the adjacent clamp and pad segments during
insertion or retraction.

First strain gauges 1818a, 18185 and second strain gauges
1820a, 182056 may be configured to collect strain data
including the differences in axial force, along the elongate
member 1822, to determine when dynamic gripper 1802 1s
beginning to slip with respect to elongate member 1822.
Strain data may be used to determine when to stop the
dynamic gripper 1802 from driving the elongate member
1822. System may notify the user to service dynamic gripper
1802, for example, by drying the pads 1804a and 18045.
Alternatively, system may automatically adjust dynamic
gripper 1802 to reduce slip, for example, by increasing the
transverse force applied to grip the elongate member 1822.

First pad segments 1812a, 1814a, 18164 and second pad
segments 18126, 18145, and 18166 may allow dynamic
gripper 1802 to compress and expand axially. By attaching
first strain gauges 1818a, 18185 and second strain gauges
1820a, 18205, the strain data may indicate whether each of
pad segments 1812a, 1814a, 1816a, 18125, 1814H, and
18165 1s slipping or substantially maintaining the transverse
force on elongate member 1822. Any or all of pad segments
18124, 1814a, 1816a, 18125, 18145H, and 18165H may have
similar or different sizes, shapes, materials, or gripping
forces, for example, to increase the difference 1 grip
between the adjacent pads. Each set of pad segments may be
configured to compress or expand in an axial direction
relative to each other. Also, each set of pad segments may be
configured to resist detlection in the transverse direction,
perpendicular to the length of elongate member 1822, and
rotation about the longitudinal axis of elongate member
1822.

The embodiments herein may provide a more robust
design than using force sensors that measure the overall pad
force alone. A strain signal of strain data between two or
more adjacent pads may have less noise, for example,
because one pad may slip before another pad. This differ-
ence may be further increased by varying the material or
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transverse force on the pad segments to ensure one pad
segment slips before another pad segment.

To better iterpret the behavior of elongate member 1822
in light of the strain data, 1t may be beneficial to differentiate
strain signals retlecting a slipping signal indicating slip of
clongate member 1822 from a gripping signal indicating
normal grip with respect to elongate member 1822. To assist
with this, diflerent materials may be utilized for selected pad
segments. If the material of one pad segment has a higher
friction coellicient, that pad segment may maintain grip
relative to elongate member 1822 better and facilitate a more
reliable slip signal than a pad segment with a lower friction
coellicient material. The materials for each pad segment may
be selected for the desired performance under a given
condition. For example, one material may be better for
imparting rotational movement of the elongate member
1822, particularly where relative vertical motion between
opposing pads 1s used to impart rotational movement, while
another material may be better for msertion or axial move-
ment. Alternatively, a dampener such as a spring may be
utilized on one or more of the pad segments to reduce the
orip, thereby diflerentiating the strain signals for those pad
segments.

Dynamic grippers 1802 may also include one or more
sensors, for example piezoelectric sensors, to increase the
accuracy and robustness of slip detection. The piezoelectric
sensor may provide a signal 1in response to a pressure change
relative to pads 1804a, 18045, for example, due to vibration
from slip. One or more piezoelectric sensors may be embed-
ded into or mounted on pads 1804a, 18045, clamp 1800, or
any other segment attached to the pads or clamp. As an
example, the piezoelectric sensors may be mounted on each
clamp 1800 and 1n contact with either or both of pads 18044,
1804H. Clamp 1800 may be etched to have a groove 1n a
middle portion of clamp 1800 to receive the piezoelectric
sensor, for example, to limit the grip force experienced by
the piezoelectric sensor. An output of the piezoelectric

sensor may be utilized 1n conjunction with the strain data to
detect slips 1n the elongate member 1822 relative to grippers
1802.

For example, the piezoelectric sensor may include a
polyvinylidene fluoride film (referred to as “PVDF film™).
PVDF film 1s a relatively flexible, thin film capable of
detecting strain velocity icluding relatively small changes
in strain. This type of sensor produces a voltage output based
on strain velocity to detect a slip condition based on a
threshold output voltage indicating incipient slip. In addi-
tion, two or more pad segments may allow detection of slip
propagation based on their relative motion. For example, a
slip detected at a leading pad may indicate impending slip on
a trailing pad. Using this information, the grip force could be
dynamically adjusted to reduce or prevent the slip on the
trailing pad from occurring, for example, by reducing the
isertion speed to retain control of elongate member 1822.
In addition, embodiments may include ridges to make signal
detection more reliable.

As shown 1 FIG. 61, dynamic gripper 1802 may include
a set of opposing pads 1824a, 18245H that may be indepen-
dently operable with respect to opposing pads 1804a, 18045.
Pads 1824a, 1824b may be a different size (e.g. smaller)
with a different (e.g. higher) friction coeflicient relative to
pads 1804a, 1804H. Pads 1824a, 1824H may be configured
to imndependently detect axial or rotational slip with respect
to elongate member 1822. Alternatively, pads 1824a, 18245
may be segments of pads 1804a, 18045, respectively. Strain
gauges may be positioned between each of pads 1824a,
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1804a and pads 18245, 18045. Some embodiments may also
include a separate mount that detects forces.

In some embodiments, as shown 1n FIG. 62, idler wheels
1826a, 18266 may be connected to pads 1804a, 18045, for
example for optical slip detection. Idler wheels 18264,
18260 may have a surface material with a larger friction
coellicient, for example, to detect slip 1n the axial direction.
Idler wheels 1826a, 18265 may each include a roller with an
encoder that may be coupled to pads 1804a, 18045, respec-
tively. While pads 1804q, 18045 move with respect to
clongate member 1822, idler wheels 1826a, 18265 may roll
along elongate member 1822 to measure axial movement
with respect to elongate member 1822. Alternatively, idler
wheels 1826, 18265 may each include a holonomic wheel,
for example, including rollers mounted on the circumierence
of each wheel at an angle approximately perpendicular to the
rotational axis of each wheel to simultaneously measure

axial and rotational movement with respect to elongate
member 1822.

In some embodiments, a slip detection system 1s 1ncor-
porated into the active drive systems disclosed herein. The
slip detection system tracks the motion or movement of the
guide wire without utilizing or extracting substantial
amounts ol energy from movement of the guide wire.
Additionally, as will be discussed 1n more detail below, the
slip detection system 1s configured so that data related to the
position of the guide wire and its movement 1s transierred
wirelessly to a tracking assembly, allowing a more sterile
environment for tracking the guide wire as the encoding
device may be hermetically sealed with the active drive
mechanisms.

In one embodiment, the slip detection system includes an
encoder assembly and a tracking assembly in wireless
communication with the encoder assembly. The encoder
assembly includes an idler wheel, a tracking wheel, one or
more tracking features connected to or defined by the
tracking wheel, a tracking sensor, and a transmitting device.
The 1dle wheel and the tracking wheel are rotatable wheels
driven by movement of the guide wire and typically have a
low coetlicient of friction and require little energy from the
guide wire 1n order to be rotated.

The tracking features are connected to the tracking wheel
and are selected based on the type of characteristics sensed
by the tracking sensor. For example, in one embodiment, the
tracking sensor 1s an optical sensor and the tracking features
form optically distinguishable elements on the tracking
wheel (e.g., painted elements, reflective elements, apertures,
or the like). As another example, the tracking sensor may be
a magnetic sensor (such as a Hall eflect sensor) and the
tracking features may be specifically polarized magnetic
clements. The tracking features and the tracking sensor are
selected such that little or no mechanical contact 1s required
between the sensing element and the tracking wheel. This
allows the encoding assembly to track the guide wire
without the guide wire transmitting some mechanical energy
(c.g., torque) to the encoding assembly, increasing the
elliciency of the drive assembly for the guide wire and also
helping to reduce the risk of slippage.

The transmitting device 1s 1n communication with the
tracking sensor and receives tracking data corresponding to
the position of the gmide wire from the tracking sensor. The
transmitting device then transmits the data to the tracking
assembly. Examples of the transmitting device include a
radio wave transmitter (e.g., Bluetooth, WiF1, or the like), an
acoustic transmitter such as a piezo electrical transducer, an
optical transmitter, an inductive coupling, or the like.
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The tracking assembly 1s 1n wireless communication with
the encoder assembly. The tracking assembly includes a
computing device and a receiver. The recerver 1s 1n wireless
communication with the transmitter and 1s selected based on
the type of data transmission used by the transmitter. For
example, 1n 1nstances where the transmitter 1s a radio wave
transmitter, the receiver 1s a radio wave receiver. The
receiver 1s configured to receive data from the transmitter of
the encoder assembly and provides the data to the computing
device. The computing device receirves data from the
receiver, optionally decodes the data, and analyzes the data
to determine whether slippage has occurred, 1s likely to
occur based on movement of the guide wire, and may
provide an alert such as an alarm, notification, or the like, to
a doctor or system operator regarding the state of the guide
wire.

In operation, as the guide wire 1s driven, such as by one
of the active drive mechanisms disclosed herein, the guide
wire rotates the tracking wheel and/or i1dler wheel. As the
tracking wheel 1s rotated, the tracking sensor detects changes
in position or movement ol the tracking features on the
tracking wheel. The position or guide wire data 1s transmit-
ted from the tracking sensor to the transmitter which then
wirelessly transmits the data to the receiving device of the
tracking assembly. The recerving device provides the track-
ing data to the computing device, which 1n turn determines
whether a slip has occurred, the location of the guide wire,
and/or other positional related information for the guide
wire.

Turning back now to the figures, the slip detection assem-
bly will now be discussed in more detail. FIG. 63 1s a
perspective view of an example of the slip detection assem-
bly. With reference to FIG. 63, the slip detection assembly
1900 includes an encoding assembly 1902 and a tracking
assembly 1904, each will be discussed 1n turn below.

The encoding assembly 1902 1s typically housed within a
sterile compartment for the active drnive system. For
example, the encoding assembly 1902 may be housed within
a compartment enclosing the gripper pads and other features
of the drive system. As shown m FIG. 63, the encoding
assembly 1902 may be separated from the tracking assembly
1904 by a barrier wall 1906, where the wall 1s typically
formed as part of a housing for the drive assembly. The
encoding assembly 1902 includes an idler wheel 1908, a
tracking wheel 1910, one or more tracking features 1912, a
tracking sensor 1914, and a communications module 1916.

The tracking wheel 1910 and the idler wheel 1908 are

both round shaped discs and may have a mimimal thickness.
The outer edge of both the wheels 1908, 1910 1s configured

to engage the guide wire 1918 and rotate as the guide wire
1918 1s moved. The 1dler wheel 1908 and the tracking wheel
1910 may be each supported on an axle 1920, 1922 or shait
and are configured to rotate in a rotation direction R. In
many embodiments, the axle 1920, 1922 for each wheel
1908, 1910 1s stationary and the two wheels 1908, 1910
rotate about the axle. In other embodiments, the axle 1920,
1922 for each wheel 1908, 1910 or for one of the wheels
1908, 1910 rotates and may be driven by a motor other
source to power the wheels independently of the guide wire.

The tracking features 1912 are defined on or connected to
the tracking wheel 1910. For example, the tracking features
1912 may be painted, attached by adhesive, formed via
molding, punched out, or attached in many other manners.
The configuration and characteristics of the tracking features
1912 are selected so as to be detectable by the tracking
sensor 1914. For example, the tracking features 1912 may be
differently colored regions on the tracking wheel 1910,
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magnetic elements, holes or other formations in the tracking,
wheel, or the like. As one specific example, the tracking
wheel 1910 may be transparent and the tracking features
may be black lines on the top surface of the tracking wheel
1910. As another example, the tracking wheel 1910 may be
opaque and the tracking features 1912 may be tracking
apertures defined through the tracking wheel 1910. The
tracking features 1912 are varied based on the material,
color, texture, or the like, of the tracking wheel 1910 so that
the tracking features 1912 can be easily detectable by the
tracking sensor 1914, as will be discussed 1n more detail
below.

The tracking sensor 1914 1s substantially any type of
sensor that can detect changes 1n location or position of the
tracking features 1912 without touching, physically engag-
ing, or mechanically connecting to the tracking wheel 1910
and/or tracking features 1912. In particular, the tracking
sensor 1914 may be in communication, either optically,
magnetically, acoustically, or the like, with the tracking
wheel 1910. In some examples the tracking sensor 1914 1s
an optical sensor (e.g., light sensor), magnetic sensor (e.g.,
Hall Eflect sensor), and/or an acoustic sensor (€.g., micro-
phone), or the like. As shown 1 FIG. 63, 1n one embodi-
ment, the tracking sensor 1914 1s shaped as a C-bracket and
1s 1 optical communication with both a top and bottom
surface of the tracking wheel 1910.

The communication module 1916 1s in communication
with the tracking sensor 1914 and may include a power
source 1924, a circuit board 1926, and a transmitting device
1928. The power source 1924 provides power to the various
components of the encoder assembly and may be any
component able to provide energy to one or more compo-
nents. For example, the power source 1924 may be a battery,
capacitor, a wireless power transmission mechanism, or a
wired power connection.

The circuit board 1926 i1s 1n communication with the
tracking sensor 1914 and the transmitting device 1928. The
circuit board 1926 typically includes the electrical compo-
nents required for operation of the encoding device. For
example, the circuit board 1926 may include one or more
processing elements, memory components, and/or other
computing components desired.

The transmitting device 1928 1s in communication with
the processing element or other components on the circuit
board 1926 and optionally may be connected to the circuit
board. The transmitting device 1928 1s substantially any type
of data transmission component, such as, but not limited to,
a radio wave transmitter, an acoustic transmitter (e.g., p1ezo
clectrical transducer, ultrasonic transmitter), optical trans-
mitter, inductive coupling, or the like. The transmitting
device 1928 is configured to wirelessly transmit data from
the encoding assembly 1902 to the tracking assembly.

The tracking sensor 1914 1s 1n electrical communication
with the commumnications module 1916 so that data can be
transmitted from the tracking sensor 1914 to the transmitting,
device 1928 and so that power, 1f needed, can be transmitted
from the power source 1924 to the tracking sensor 1914.

Each of the components of the encoder assembly 1902,
including the tracking sensor 1914, tracking wheel 1910,
and communications module 1916 are housed within a
sterile environment such that they are separated from the
outer environment and the tracking assembly 1904 by the
barrier wall.

With continued reference to FIG. 63, the tracking assem-
bly 1904 will now be discussed 1n more detail. The tracking,
assembly 1904 includes a receiving device 1930 and option-
ally a computing device 1932. The receiving device 1930 1s
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in communication with the transmitting device 1928 and 1s
configured to receive data wirelessly from the transmitting
device 1928. For example, the receiving device 1930 may be
a radio wave receiver, an optical recetver, a microphone or
other sound sensor, or the like, as should be appreciated, the
receiving device 1930 may be modified to match the data
transmission method of the transmitting device 1928.

The computing device 1932 may be substantially any type
of computer or other computing element, such as, but not
limited to, a laptop computer, server, desktop computer,
mobile computing device, tablet computer, microcontroller,
digital signal processor, or the like. The computing device
1932 1s configured to receive data from the receiver 1930
and determine location and tracking information for the
guide wire to determine 1f slippage has occurred.

Assembly and operation of the slip detection system 1900
will now be discussed 1n more detail. With reference to FIG.
63, the idler wheel 1908 and the tracking wheel 1910 are
cach connected to their respective axles 1920, 1922 and
positioned adjacent to each other. The two wheels 1908,
1910 may be spaced apart by a distance gap that 1s substan-
tially the same width as the diameter of the guide wire 1918.
The guide wire 1918 1s then threaded between the two
wheels 1908, 910 so that 1t 1s 1n contact with a portion of the
outer edge of each wheel 1908, 1910.

The tracking sensor 1914 1s then positioned to be 1n
communication with the tracking wheel 1910. For example,
as shown 1n FIG. 63, the tracking sensor 1914 1s positioned
so that the tracking wheel 1910 1s received between a top
and bottom bracket of the tracking sensor 1914 allowing the
tracking sensor 1914 to be 1n optical communication and/or
magnetic communication with the tracking wheel. The con-
figuration of the tracking sensor 1914 depends on the type of
characteristics to be sensed. For example, the tracking
sensor 1914 may be positioned to view one side or surface
of the tracking wheel 1910, which may be varied based on
the surface including the tracking features.

As discussed above, after the encoding assembly 1902 1s
arranged or connected together, the assembly may be posi-
tioned within a housing or other enclosure. The enclosure
forms the barrier wall 1906 and may be hermetically sealed
or otherwise define a sterile environment. With continued
reference to FIG. 63, the tracking assembly 1904 1s posi-
tioned on the non-sterile side of the barrier wall 1906 and 1s
arranged to provide communication between the transmit-
ting device 1928 and the receiving device 1930 through the
barrier wall 1906 without distributing or disrupting the
sterile environment.

Operation of the slip detection system 1900 will now be
discussed 1n more detail. As the guide wire 1918 1s inserted
and/or retracted by the drive assembly, the guide wire 1918
exerts a force on the outer edges of the idler wheel 1908 and
the tracking wheel 1910. This force causes the two wheels
1908, 1910 to rotate in the rotation direction R. In some
embodiments, the idler wheel 1908 and the tracking wheel
1910 may rotate in opposite directions from each other, 1.e.,
clockwise and counter clockwise, respectively. The rotation
direction may be determined by the orientation of the guide
wire 1918 relative to the wheel. As noted above, 1n some
embodiments, one or both of the idler wheel 1908 or
tracking wheel 1910 may be driven by a source other than
the guide wire. For example, one or both of the wheels may
assist 1n retracting/inserting the guide wire.

As the tracking wheel 1910 rotates with movement of the
guide wire 1918, the tracking features 1912 move corre-
spondingly. As the tracking features 1912 are connected to
the tracking wheel 1910, they will rotate with the tracking
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wheel 1910 and vary their location relative to the tracking
sensor 1914. As the tracking features 1912 move or change
position relative to the tracking sensor 1914, the tracking
sensor 1914 detects the change 1n position of the tracking
features 1912. For example, each tracking feature may
correspond to a particular location on the tracking wheel
1910 so as the tracking sensor 1914 detects a particular
tracking feature 1912 the orientation of the tracking wheel
1910 relative to the sensing location can be determined. As
another example, the tracking sensor 1914 can detect the
number of tracking features 1912 and the rate they are
passing by or through the sensor 1914 and this information
can be used to determine data related to the guide wire. In
other words, the data corresponding to the tracking features
1912 detected by the tracking sensor 1914 1s the guide wire
data as 1t provides information related to the movement
characteristics of the guide wire.

As the tracking sensor 1914 detects the change 1n position
and/or speed of the tracking wheel 1910 via the tracking
teatures 1912, the tracking sensor 1914 provides the guide
wire data to the circuit board 1926 which then provides the
guide wire data to the transmitting device 1928. The trans-
mitting device 1928 then transmits the guide wire data
wirelessly through the barrier wall to the tracking assembly
1904. The receiving device 1930 of the tracking assembly
1904 receives the data and optionally may transmit the data
to the computing device 1932. The computing device 1932
analyzes the guide wire data and may provide an output
(e.g., alert, stopping the drive assembly, notification, or the
like). For example, 1f the computing device determines that
the guide wire 1918 1s moving slower than desired, has not
moved as far as desired, or another deviation from a prede-
termined threshold, the computing device 1932 will deter-
mine that a slip has occurred and provide the desired output.
In other words, the recerving device 1930 and/or computing
device 1932 act to decode the guide wire data and analyze
the guide wire data to determine 11 a slip or other event has
occurred.

Using the slip detection system 1900 of FIG. 63, the
location, movement, speed, and other characteristics of the
guide wire 1918 can be detected during a procedure, such as
insertion or retraction. The slip detection system 1900 can be
configured to provide alerts or other outputs in response to
a deviation from a desired function. This helps to alert
doctors and other health care workers substantially instan-
taneously when a slip occurs, allowing the slip to be
mitigated as soon as possible. Additionally, because the slip
detection system 1900 uses an encoder assembly 1902 that
consumes very little energy from the guide wire 1918,
operation of the drive assembly 1s not substantially affected
by the slip detection features, as compared to conventional
tracking techniques that use substantial amounts of torque to
activate the encoder. Finally, because the slip detection
system 1900 transmits the guide wire data wirelessly, the
tracking assembly 1904 can be located outside of the sterile
location or housing, allowing the encoding assembly to be to
hermetically encapsulated for sterilization purposes, where
the decoding and other computing intensive functions can be
done outside the sterilized environment.

The systems and methods of the preferred embodiment
and vanations thereof can be embodied and/or implemented
at least 1n part as a machine configured to receive a com-
puter-readable medium storing computer-readable nstruc-
tions. The 1nstructions are preferably executed by computer-
executable components preferably integrated with the
systems and one or more portions of the processor, control-
ler, or workstation. The computer-readable medium can be
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stored on any suitable computer-readable media such as
RAMs, ROMs, flash memory, EEPROMSs, optical devices

(e.g., CD or DVD), hard drives, floppy drives, or any
suitable device. The computer-executable component 1s
preferably a general or application-specific processor, but
any suitable dedicated hardware or hardware/firmware com-

bination can alternatively or additionally execute the mnstruc-
tions.

As used herein, the term “comprising” or “comprises” 1S
intended to mean that the devices, systems, and methods
include the recited elements, and may additionally include
any other elements. “Consisting essentially of” shall mean
that the devices, systems, and methods include the recited
clements and exclude other elements of essential signifi-
cance to the combination for the stated purpose. Thus, a
device or method consisting essentially of the elements as
defined herein would not exclude other materials, features,
or steps that do not materially affect the basic and novel
characteristic(s) of the claimed invention. “Consisting of”
shall mean that the devices, systems, and methods include
the recited elements and exclude anything more than a trivial
or inconsequential element or step. Embodiments defined by

cach of these transitional terms are within the scope of this
disclosure.

The examples and 1llustrations included herein show, by
way of 1illustration and not of limitation, specific embodi-
ments 1 which the subject matter may be practiced. Other
embodiments may be utilized and derived therefrom, such
that structural and logical substitutions and changes may be
made without departing from the scope of this disclosure.
Such embodiments of the inventive subject matter may be
referred to herein individually or collectively by the term
“mmvention” merely for convenience and without intending
to voluntarily limait the scope of this application to any single
invention or mventive concept, 11 more than one 1s 1n fact
disclosed. Thus, although specific embodiments have been
illustrated and described herein, any arrangement calculated
to achieve the same purpose may be substituted for the
specific embodiments shown. This disclosure 1s intended to
cover any and all adaptations or vanations of various
embodiments. Combinations of the above embodiments, and
other embodiments not specifically described herein, will be
apparent to those of skill 1n the art upon reviewing the above
description.

What 1s claimed 1s:

1. A dnive system for an elongate member, comprising:

an active drive device including:

a first surface and a second surface arranged on an
active drive mechanism for engaging the elongate
member;

the first surface axially slidable relative to the drive
mechanism;

a first sensor associated with the first surface and a
second sensor associated with the second surface, the
first sensor being configured to measure a force
associated with the first surface and the second
sensor being configured to measure a force associ-
ated with the second surtace;

a computing device in communication with the force
sensors, the computing device configured to compare a
measured force of the first sensor with a measured force
of the second sensor to detect a slip occurrence 1n one
direction when the measured force of the second sensor
1s not within a predetermined tolerance of the measured
force of the first sensor.
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2. The system of claim 1, wherein the active drive device
ceases movement ol the elongate member 1n response to
detecting the slip occurrence.

3. The system of claim 1, wherein the active drive device
continues to drive the elongate member 1 response to
detecting the slip occurrence.

4. The system of claim 1, wherein the computing device
1s configured to:

determine a drive force representative of the measured

forces of the first and second sensors in response to
detecting the slip occurrence;

compare the drive force with a slip threshold; and

identify a slip condition in response to the drive force

exceeding the slip threshold.

5. The system of claim 1, wherein the computing device
1s configured to:

receive the measured forces of the first and second sensors

to determine a drive force 1n response to detecting the
slip occurrence;

associate a slip tolerance and a slip threshold with the

drive force, wherein the slip tolerance 1s less than the
slip threshold;

compare the drive force with the slip threshold and the

slip tolerance; and

determine a slip condition based on the correlation of the

drive force relative to the slip threshold and the slip
tolerance.
6. The system of claim 1, wherein the computing device
1s configured to:
identify a first slip condition 1n response to detecting that
a drive force exceeds a slip threshold; and

identify a second slip condition in response to detecting
that the drive force exceeds a slip tolerance but not the
slip threshold.

7. A slip detection system on a drive system, comprising;:

a first surface configured to drive an elongate member in

an axial direction, the first surface including a first
sensor configured to detect a force associated with the

first surface;

a second surface axially movable relative to the drive
system, the second surface having a second sensor
configured to detect a force associated with the second
surface; and

10

15

20

25

30

35

40

56

a computing device configured to:

associate a threshold force with the second sensor:

monitor a measured force on the second sensor; and

compare the measured force of the second sensor with
the threshold force to detect an 1nitial slip occurrence
between an active surface and the elongate member
in response to exceeding a predetermined tolerance
of the threshold force.

8. The system of claim 7, wherein the computing device
1s configured to:

detect a measured force of the first sensor 1n response to

detecting the 1nitial slip occurrence; and

determine an active surface slip threshold in response to

the measured force of the first sensor.
9. The system of claim 8, wherein the computing device
1s configured to:
associate the active surface slip threshold with a passive
surface to determine a passive surface slip threshold;

determine a higher drive slip threshold based on a sum of
the passive surface slip threshold and the active surface
slip threshold; and

output a drive force less than the higher drive slip thresh-

old to the active surface and passive surface to avoid
slippage of the elongate member.

10. The system of claim 9, wherein the computing device
1s configured to:

determine a drive force based on the measured forces of

the first and second sensors 1n response to detecting the
initial slip occurrence; and

compare the drive force with a slip threshold, and predict

a slip condition 1n response to the drive force exceeding,
the slip threshold.

11. The system of claim 10, wherein the computing device
1s configured to compare the measured force of the first
sensor with the measured force of the second sensor to
determine a force difference, and detect the slip condition 1n

response to the force difference exceeding a predefined
tolerance.
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